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ABSTRACT 
C r y s t a l  f i e l d  t h e o r y  h a s  been used  t o  e x p l a i n  t h e  e l e c t r i c a l  and  
o p t i c a l  p r o p e r t i e s  o f  coba l t -doped  G a p .  I n  n - type  G a p ,  c o b a l t  g i v e s  rise 
t o  o p t i c a l  a b s o r p t i o n  bands  a t  0 . 8  and  1 . 2 5  m i c r o n s .  From H a l l  e f f e c t  
d a t a  i t  h a s  been found  t h a t  c o b a l t  i s  a deep  a c c e p t o r  w i t h  a n  i o n i z a t i o n  
e n e r g y  o f  0 . 4 1  e V .  A c r y s t a l  f i e l d  a n a l y s i s  h a s  shown t h a t  t h e  e l e c t r o n  
c o n f i g u r a t i o n  a round  f u l l  c o b a l t  a c c e p t o r s  ( n e g a t i v e l y  c h a r g e d )  c o n s i s t s  
o f  s e v e n  d - e l e c t r o n s  w i t h  a l l  o t h e r  e l e c t r o n s  i n  c l o s e d  s h e l l s ,  and f u r t h e r -  
more, t h a t  c o b a l t  a toms have s u b s t i t u t e d  f o r  g a l l i u m  a toms i n  t h e  l a t t i c e .  
IFA general tb*e 2nalys is  has sho';<n +L-+ -..-.-+.-1 f i e l c :  +I.---.- L ~ ~ c u ~ y  Lull --- I.- uc ..- used 
b*.U L LI y a L a l  
to o b t a i n  d e t a i l e d  e l e c t r o n  models of semiconduc to r  i m p u r i t i e s .  
I n  t h e  c o u r s e  of t h e  s t u d y ,  methods were deve loped  t o  grow e p i t a x i a l  
s i n g l e  c r y s t a l s  o f  GaP doped wi th  e i t h e r  s u l f u r  o r  z i n c .  P r e d i c t a b l e  s u l -  
i u r  d o p i n g s  Dezween 6 x i U  a n d  4 X 1U c m  were a c h i e v e d .  K a d i o t r a c e r  
d i f f u s i o n s  w e r e  u sed  t o  i n t r o d u c e  a known c o n c e n t r a t i o n  o f  c o b a l t  i n t o  t h e  
samples  used  f o r  o p t i c a l  and  e l e c t r i c a l  measurements .  D i f f u s i o n  d a t a  show 
t h a t  t h e  c o b a l t  d i f f u s e d  b o t h  s u b s t i t u t i o n a l l y  and  i n t e r s t i t i a l l y .  The 
d a t a  s u g g e s t  t h a t  t h e  c o b a l t  c o n c e n t r a t i o n  a f t e r  d i f f u s i o n  was d e t e r m i n e d  
by a n o n e q u i l i b r i u m  d e n s i t y  of c r y s t a l  d e f e c t s .  T h i s  h y p o t h e s i s  i s  con- 
s i s t e n t  w i t h  t h e  c o n c l u s i o n  from t h e  o p t i c a l  d a t a  t h a t  t h e  c o b a l t  w a s  on 
g a l l i u m  s i t e s .  
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d e n s i t y  of n e u t r a l  donor s  ( ~ m - ~ )  
d e n s i t y  of p o s i t i v e  d o n o r s  ( ~ m - ~ )  
d e n s i t y  of v a l e n c e  band s t a t e s  ( ~ m - ~ )  
3 /2 
N- .T 
hole c o n c e n t r a t i o n  ( c m  j 
H a l l  c o e f f i c i e n t  ( c m  /coulomb) 
t h i c k c e q ~ .  of a laDDed l a v e r  ( c m )  
temperat i i re  ( O K  u n l e s s  o t h e r w i s e  i n d i c a t e d )  
p o t e n t i a i  ene rgy  




a b s o r p t i o n  c o e f f i c i e n t  (cm-') 
t e m p e r a t u r e  c o e f f i c i e n t  o f  t h e  Fermi e n e r g y  
e l e c t r o n  degene racy  f a c t o r  
m o b i l i t y  ( c m  / v o l t  sec)  
s p i n - o r b i t  i n t e r a c t i o n  p a r a m e t e r  ( ene rgy  u n i t s )  
r e s i s t i v i t y  (ohm-cm) 
d e n s i t y  of GaP 
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and  D .  A. Stevenson  lor t h e i r  g u i d a n c e  and  encouragemen t .  P a r t i c u l a r  
thaliks a r e  due  P r o f e s s o r  J .  \ V .  A l l e n  f o r  s u g g e s t i n g  t h e  problem aIld f o r  
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Xiimi:iist1’3r,i0ii, ‘The author u s e d  f i i c i l i t i e s  p r o v i d e d  b y  t h e  Advanced 
Kesearrrh PYO j e c t s  Agericy t .hrough t h e  C e n t e r  f o r  Materials R e s e a r c h  a t  
S t a i l f o r d  V n i v e r s i t y .  
Semiconductor  i m p u r i t i e s  a re  t e c h n c l c g i c a l l y  i m p o r t a n t  b e c a u s e  t h e y  
c a n  c o n t r o l  t h e  r e s i s t i v i t y ,  l i f e t i m e ,  p h o t o r e s p o n s e ,  e t c . ,  of a semicon-  
d u c t o r .  Much r e s e a r c h  h a s  been done on sha i iow i i i ipu i lLt ies ,  ~articulerly 
i n  s i l i c o n  and germanium, and  such i m p u r i t y  l e v e l s  a r e  now q u i t e  w e l l  
u n d e r s t o o d .  Deep i m p u r i t y  l e v e l s  have a l s o  been  s t u d i e d  e x t e n s i v e l y  b u t  
t h e y  a re  n o t  well u n d e r s t o o d .  A major  d i f f i c u l t y  h:ts been t h e  l a c k  of  a 
t h e o r e t i c a l  framework i n  which t o  p u t  e m p i r i c a l  r e s u l t s .  I t  now a p p e a r s  
t h a t  a phenomenological .  t h e o r y  f o r  t r a n s i t i o n - m e t a l  i m p u r i t i e s  may p r o v i d e  
a s u i  t a b l e  framework . 
A l l e n  [ R e f .  11 h a s  sugges t ed  t h a t  t r a n s i t i o n - i n e t a l  i m p u r i t i e s  c a n  be 
u n d e r s t o o d  i n  t e r m s  o f  a n  e x t e n s i o n  of c r y s t a l  f i e l d  t h e o r y .  S i n c e  t h e  
3d s h e l l  i s  s h i e l d e d  by o u t e r  e l e c t r o n s ,  t h e  e f f e c t  of  t h e  c r y s t a l l i n e  
env i ronmen t  on t h e  3d o r b i t a l s  c a n  be  t r e a t e d  a s  a p e r t u r b a t i o n  on well- 
..* u,,derstooc! free at< -Jm wave f u n c t i o n s .  ZI'Y stal f i c l d  t h e ~ r y  7.a~ deve loped  
s p e c i f i c a . i i y  tu c a l c u l a t e  the  per tn rhe r i  3d she1.i wave l u r i c t i o n s  . E x p e r i -  
m e n t a l l y  t h e  s t r u c t u r e  of  t h e  3d s h e l l  c a n  be de t e rmined  by o b s e r v i n g  
t r a n s i t i o n s  w i t h i n  t h e  shell. By comparing t h e  c r y s t a l  f i e l d  c a l c u l a t i o n s  
w i t h  t h e  obse rved  s t r u c t u r e ,  t h e  number of 3d e l e c t r o n s  ar ic i  tile aj-iiizetr;. 
of t h e  i m p u r i t y  s i t e  can  be d c t e m i n e d .  A knowledge o f  t h e  number o f  3d 
e i e c t r o n s  aiid of t h e  s i t e  symmet ry  c a n  t h e n  be u s e d  t o  d e v e l o p  a d e t a i l e d  
p i c t u r e  of  t h e  e l e c t r o n  c o n f i g u r a t i o n  a round  t h e  i m p u r i t y .  
C r y s t a l  f i e l d  t h e o r y  h a s  been used  i n  t h e  p a s t  t o  s t u d y  t r a n s i t i o n -  
m e t a l  i m p u r i t i e s  i n  1 1 - V I  compounds, b u t  no a t t e m p t  w a s  made t o  c o r r e l a t e  
t h e  r e s u l t s  w i t h  t h e  e l ec t r i ca l  p r o p e r t i e s  o f  t h e  i m p u r i t y  [ R e f s .  2 , 3 ] .  
A l l e n  showed t h a t  i t  ivouid be  p o s s i b l e  t o  c o r r e l a t e  c r y s t a l  f i e l d  and  
e l e c t r i c a l  d a t a .  The p u r p o s e  of t h i s  work i s  t o  show t h r o u g h  a d e t a i l e d  
e x p e r i m e n t a l  i n v e s t i g a t i o n  how such  a c o r r e l a t i o n  c a n  be done .  
I n  o r d e r  t o  d e m o n s t r a t e  t h e  method,  t h e  p r o p e r t i e s  of  coba l t -doped  
g a l l i u m  phosph ide  were s t u d i e d  i n  d e t a i l .  The re  were a number of r e a s o n s  
f o r  t h e  d e c i s i o n  t o  siudy c o b a l t  i m p u r i t i e s  in t h e  GaP l a t t i c e .  F i r s t ,  
t h e  band gap  of  GaP i s  wide enough so t h a t  c o b a l t - i m p u r i t y  a b s o r p t i o n  i s  
n o t  masked by band-edge a b s o r p t i o n .  Second ,  i t  p roved  p o s s i b l e  t o  grow 
l a r g e  s i n g i e  c r y s t a l s  of b0t.h n- type  and  p- type  G a p .  F i n a l l y ,  c r y s t a l  
. 
f i e l d  t h e o r y  had n o t  been a p p l i e d  p r e v i o u s l y  t o  a m a t e r i a l  a s  c o v a l e n t  a s  
Gap. C o b a l t  was chosen  b e c a u s e  i t  h a s  a d i s t i n c t i v e  a b s o r p t i o n  s p e c t r u m  
i n  GaP and  because  i t s  c o n c e n t r a t i o n  i n  t h e  c r y s t a l s  c o u l d  b e  d e t e r m i n e d  
t h r o u g h  t h e  use o f  c o b a l t - 6 0 .  The l a t t e r  h a s  a 5.2-year  h a l f - l i f e  which 
i s  c o n v e n i e n t  f o r  r a d i o t r a c e r  work.  
T h i s  s t u d y  o f  c o b a l t  i n  GaP i n v o l v e d  f o u r  e s s e n t i a l l y  i n d e p e n d e n t  
e x p e r i m e n t s .  I t  was n e c e s s a r y  t o  grow c r y s t a l s  of GaP b e c a u s e  h i g h - q u a l i t y  
GaP w a s  n o t  commercial ly  a v a i l a b l e .  R a d i o t r a c e r  d i f f u s i o n s  w e r e  u s e d  t o  
i n t r o d u c e  known c o n c e n t r a t i o n s  of c o b a l t  i n t o  t h e  grown c r y s t a l s .  C o b a l t  
w a s  n o t  i n t r o d u c e d  d u r i n g  c r y s t a l  growth b e c a u s e  r a d i o t r a c e r s  c o u l d  n o t  
be u s e d  s a f e l y  i n  t h e  growth  s y s t e m .  H a l l  e f f e c t  measurements  and o p t i c a l  
t r a n s m i s s i o n  work p r o v i d e d  t h e  i n f o r m a t i o n  n e c e s s a r y  t o  d e m o n s t r a t e  t h e  
c r v s t a l  f i e l d  method. 
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I n  t h i s  c h a p t e r  t h e  e l emen t s  o f  i m p u r i t y  t h e o r y  u s e d  i n  this work 
are rev iewed .  I m p u r i t y  t h e o r y  i n  g e n e r a l ,  t h e  t h e o r y  of t r a n s i t i o n - m e t a l  
i m p u r i t i e s ,  and  kilt: A'------ L~~~~~~ J - r r - 1  U F Y b L U p - -  nnad t . 5 ~  A l l e n  [ R e f .  11 a r e  d i s c u s s e d .  
A .  GENERAL IMPURITY THEORY 
I n  o r d e r  t o  c a l c u l a t e  t h e  i o n i z a t i o n  e n e r g y ,  p h o t o r e s p o n s e ,  recombi- 
n a t i o n  a c t i o n ,  e t c .  of an  i m p u r i t y ,  i t  i s  n e c e s s a r y  t o  know t h e  i m p u r i t y  
wave f u n c t i o n s .  I n  p r i n c i p l e ,  t he  wave f u n c t i o n s  can  be found  by com- 
p a r i n g  t h e  e i g e n f u n c t i o n s  of t h e  Hami l ton ian  f o r  a p e r f e c t  c r y s t a l  p l u s  
o n e  i m p u r i t y ,  w i t h  t h o s e  o f  t h e  Hami l ton ian  f o r  a p e r f e c t  c r y s t a l .  The 
p r e s e n c e  of t h e  i m p u r i t y  g i v e s  r ise t o  l o c a l i z e d  e l e c t r o n i c  modes t h a t  
do n o t  e x i s t  i n  t h e  p u r e  c r y s t a l .  I n  p r a c t i c e ,  i t  i s  e x t r e m e l y  d i f f i c u 1 . t  
t o  f i n d  t h e  e i g e n f u n c t i o n s  of a p u r e  c r y s t a l  and  i t  i s  v i r t u a l l y  i m p o s s i b l e  
t o  f i n d  t h o s e  of an impure c r y s t a l  
I m p u r i t y  wave  f u n c i i o n s  c&ii someti;;.,cs be determined b y  p e r t u r b a t i o n  
c a l c u l a t i o n s  f o r  t h e  cases o f  e i t h e r  ve ry  Loose o r  v e r y  t i g h t  b i n d i n g .  
The p e r t u r b a t i o n  c a l c u l a t i o n s  have  been approached  e i t h e r  by t r e a t i n g  t h e  
i m p u r i t y  a s  a p e r t u r b a t i o n  on the l a t t i c e  o r  by t r e a t i n g  t h e  l a t t i c e  a s  a 
p e r t u r b a t i o n  on t h e  i m p u r i t y .  iii t h z  first method t h e  i .mpuri ty  wave f u n c -  
t i o n  i s  expanded i r i  tei-iii.3 of t h c  w ~ v e  f r r n c t i o n s  of t h e  c r y s t a l ;  whereas  
i n  t h e  s e c o n d ,  a t o m i c  wave f u n c t i o n s  o f  t h e  i m p u r i t y  atom are  used  i n  t h e  
e x p a n s i o n .  S i n c e  c r y s t a l  wave f u n c t i o n s  a r e  unbounded i n  e x t e n t ,  t h e  f i r s t  
a p p r o a c h  i s  most s u c c e s s f u l  f o r  i m p u r i t y  o r b i t s  t h a t  are  v e r y  l a r g e .  I t s  
g r e a t e s t  s u c c e s s  h a s  been w i t h  t h e  s h a l l o w  i m p u r i t y  o r b i t s  o f  germanium. 
I n  c o n t r a s t  t o  t h e  c r y s t a l  wave f u n c t i o n s ,  a t o m i c  wave f u n c t i o n s  a r e  q u i t e  
s m a l l .  The maximum c h a r g e  d e n s i t y  i s  t y p i c a l l y  o n l y  0 . 5  1 t o  2 a from t h e  
n u c l e u s  [ R e f .  41 .  Consequen t ly ,  a n  e x p a n s i o n  i n  t e r m s  o f  a t o m i c  o r b i t a l s  
i s  most u s e f u l  f o r  d e s c r i b i n g  very  l o c a l i z e d  e l e c t r o n i c  s t a t e s  s u c h  a s  
3d and 4f  l e v e l s .  The method h a s  been used  e x t e n s i v e l y  i n  s t u d y i n g  t h e  I 
rare e a r t h s  used  i n  l asers .  
I m p u r i t i e s  w i t h  b i n d i n g s  i n t e r m e d i a t e  be tween v e r y  t i g h t  and  v e r y  l o o s e  
c a n  be t r e a t e d  a p p r o x i m a t e l y  by e x t e n d i n g  e i t h e r  o f  t h e  two methods j u s t  
men t ioned .  The l o o s e - - b i n d i n g  method can  be e x t e n d e d  t o  h a n d l e  i m p u r i t i e s  
w i t h  i o n i z a t i o n  e n e r g i e s  up t o  a b o u t  0.1 e V .  F o r  i m p u r i t i e s  w i t h  b i r .d ing  
e n e r g i e s  i n  excess o f  0 . 1  e V ,  i t  a p p e a r s  b e s t  t o  e x t e n d  t h e  t h e o r y  of deep  
i m p u r i t i e s .  
B .  TRANSITION-METAL IMF’URITIES 
1. I n t r o d u c t i o n  
The t r a n s i t i o n  metals  p r o v i d e  a group of i m p u r i t i e s  on which i t  
i s  r e a s o n a b l e  a c d  p o s s i b l e  t o  c a r r y  o u t  a n  e x t e n s i o n  o f  t i g h t - b i n d i n g  
methods.  The 3d s h e l l  i s  o f t e n  s u f f i c i e n t l y  s h i e l d e d  by  o u t e r  e l e c t r o n s  
t h a t  i t s  wave f u n c t i o n s  can  be c a l c u l a t e d  by u s i n g  c r y s t a l  f i e l d  t h e o r y .  
On t h e  o t h e r  hand ,  t h e  d s h e l l  f r e q u e n t l y  i n t e r a c t s  s u f f i c i e n t l y  w i t h  
t h e  l a t t i c e  t o  g i v e  r ise  t o  e l e c t r i c a l l y  a c t i v e  l e v e l s .  T i g h t - b i n d i n g  
methods a r e  a l s o  a p p l i c a b l e  t o  4f s h e l l  i m p u r i t i e s ,  h i i t  the f shell 
i s  t o o  well s h i e l d e d  t o  be  e l e c t r i c a l l ; ,  a c t i v e .  
Many of t h e  e l e c t r i c a l  l e v e l s  01 t h e  t r a n s i t i o n  m e t a l  i m ; i a r . i  t i e s  
a r i se  b e c a u s e  t h e  m e t a i s  a r e  c h e m i c a l l y  s i m i l a r  t o  t h e  m e t a l l i c  c o n s t i l -  
u e i i t s  of b o t h  the 1 1 1 - V  and t h e  1 1 - V I  compouridu. The f r e e  atoms of tile 
t r a n s i t i o n  m e t a l s ,  w i t h  +-he e x c e p t i o n  of  chromium and c o p p e r ,  have 
c o n f i g u r a t i o n s .  The  group I1 and group I11 e l e m e n t s  have e l e c t r o n  con-  
f i g u r n t i o c s  c o n s i s t i n g  r e s p e c t i v e i l .  01 two 01’ t h r e e  e l e c t r o n s  o u t s i d e  ct 
c l o s e d  s h e l l s ,  Hence,  when one o€ t h e  t r a n s i t i o n  metals s u b s t i t u t e s  f o r  
a group I1 e l e m e n t ,  t h e  two 4 s  e l e c t r o n s  c a n  be u s e d  t o  f i l l  t h e  hondiny  
o r b i t a l s  and  t h e  d s h e l l  c a n  e i t h e r  a c c e p t  e l e c t r o n s  from o r  s u p p l y  
e l e c t r o n s  t o  tl-e c r y s t a l  l a t t i c e .  A t r a n s i t i o n  metal  which s u b s t i t u t e s  
f o r  a group 111 atom i n  a 1 1 1 - V  compound c a n  g i v e  r i se  t o  t w o  d i f f e r e n t  
t y p e s  of i m p u r i t y  i e v e l s .  The f i r s t  t y p e  ar ises  b e c a u s e  t h e  d s h e l l  
o f  t h e  i m p u r i t y  can a c c e p t  and  s u p p l y  e l e c t r o n s .  The second t y p e  a r i s e s  
b e c a u s e  t h e  t r a n s i t i o n  m e t a l  h a s  one less  o u t e r  e l e c t r o n  a v a i l a b l e  f o r  
bonding  t h a n  t h e  group 111 e l e m e n t  i t  r e p l a c e s .  
3 )  ir 
ci’’4s 
AS s u g g e s t e d  i n  t h e  p r e c e d i n g  p a r a g r a p h ,  a s t u d y  o f  a t r a n s i t i o n -  
m e t a l  i m p u r i t y  i n v o l v e s  d e t e r m i n i n g  
t i o n s  which are e s s e n t i a l l y  t h e  Same a s  a t o m i c  d wave f u n c t i o n s ,  i . e . ,  
i f  t h e  i m p u r i t y  h a s  a d s h e l l ;  ( 2 )  if t h e  d s h e l l  i s  r e s p o n s i b l e  f o r  
t h e  o b s e r v e d  e l e c t r i c a l  e f f e c t s  of t h e  i m p u r i t y ;  and  ( 3 )  t h e  t y p e  of 
(1) if t h e r e  a r e  i m p u r i t y  wave f u n c -  
lattice cite t h a t  t h e  i m p u r i t v  o c c u p i e s .  If d-Lllie wave f u n c . i  i o n s  cannot 
b e  a s s i g n e a  t o  T;ne i i u p u u l i t y ,  tk;, t h c  - t . c ~ r -  ap:\T-narh i 5 n o t  r e l e v a n t ,  If 
t h e  i m p u r i t y  does  have  a d Shell, i h e  aiisiver t o  ( 2 )  car, be de t e rmined  
by c o u n t i n g  t h e  number of d e l e c t r o n s  when t h e  i m p u r i t y  l e v e l  i s  f u l l  
- - * -  sna ~ l ~ h e ~  i t  i s  empty .  
A s  a n  example ,  c o n s i d e r  t h e  case o f  a n  a c c e p t o r  l e v e l .  If t h e r e  
a r e  n e l e c t r o n s  i n  t h e  d s h e l l  when t h e  l e v e l  i s  empty and  n + l  elec- 
t r o n s  when t h e  l e v e l  i s  f u l l ,  t hen  a p p a r e n t l y  t he  d s h e l l  i s  r e s p o n s i b l e  
f o r  t h e  l e v e l .  O n  t h e  o t h e r  hand, i f  t h e  number of d e l - e c t r o n s  i s  t h e  
s a m e  whe the r  t h e  l e v e l  i s  f u l l  o r  e z p t y ,  Then t h e  a c c e p t o r  l e v e l  c a n n o t  
b e  a t t r i b u t e d  t o  t h e  d s h e l l .  F i n a l l y ,  t h e  answer  t o  ( 3 ,  can sometimes 
b e  d e t e r m i n e d  by f i n d i n g  t h e  s y m m e t r y  of t h e  i m p u r i t y  l a t t i c e  s i t > .  Knowl- 
e d g e  of t h e  s i t e  s y m m e t r y  may a l s o  be u s e f u l  i n  s p c c i f y i n g  t h e  i m p u r i t y  
o r b i t a l  i n  c a s e  t h e  l e v e l  cannot  be a t t r i b u t e d  t o  t h e  d s h e l l .  
The n e c e s s a r y  i n f o r m a t i o n  r e g a r d i n g  t h e  number o f  d e l e c t r o n s  
a n d  t h e  i m p u r i t y  site s ) n a e i r y  ca:: sometir?.es be oh ta i r i ed  by combinlr,g op- 
t i c 3 1  ausorpili:.i &i ta  ix#c l  3-11 n f f e c t  d l  f a  ' rhe 1 inpu r i t v  i o n i z a t i o n  e n e r g y  
c a n  be o b t a i n e d  from t h e  l a t t e r  d a t a .  T h e  H a l l  e f f e c t  can  a l s o  be u s e d  to 
d e t e r m i n e  wk'ether, i n  a p a r t i c u l a r  s a m p l e ,  t h e  Fermi l e v e l  i s  above  o r  
' ucJ.un - 7 - - . .  *I-.- C l l r  4 - n - 7 - i + ~ r  I ' . L y . .  - 'J I e y 1 - 1  The number o f  d e l e c t r o n s  and  t h e  s i t e  symme- 
t r y  can  be d e t e r m i n e d  by vbser:-ir,g o p t l c a l  T r a n s i t i o n s  w i t h i n  t h e  d 
s h e l l .  The t h e o r y  needed t o  de t e rmine  t h e  s t r u c t u r e  of t h e  d s h e l l  f rom 
t h e  o p t i c a l  a b s o r p t i o n  d a t a  i s  g l i e n  i n  t h e  f r ; l lo! i ing s e c t i o n s .  
2 .  C r y s t a l  F i e l d  Theory  
The form of c r y s t a l  f i e l d  t h e o r y  used  i n  t h i s  work r e s u l t s  from 
t h e  a s sumpt ion  t h a t  t h e  e f f e c t s  of t h e  l a t t i c e  on t h e  d wave f u n c t i o n s  
c a n  be d e s c r i b e d  s o l e l y  i n  terms of e l e c t r o s t a t i c  i n t e r a c t i o n s .  T h i s  as- 
sumpt ion  i s  d i f f i c u l t  t o  j u s t i f y  a p r i o r i  f o r  t h e  111-V compounds, b u t  
i t  i s  t h e  o n l y  one t h a t  l e a d s  t o  a m a t h e m a t i c a l l y  t r a c t a b l e  t h e o r y .  A 
more comprehens ive  t h e o r y  which r e c o g n i z e s  The p o s s i b i l i t y  of c h a r g e  ex -  
change  between t h e  i m p u r i t y  azd t h e  l a t t i c e  h a s  been s u g g e s t e d  by B a l l -  
hausen  [ R e f .  51,  b u t  i t  i s  not y e t  well cieveioped. P i -ugi -ess ivz ly  m n ~ o  ,,."I v 
e x t e n s i v e  t r e a t m e n t s  of t h e  m a t e r i a l  g i v e n  below may b e  found i n  t h e  books  
by McClure [ R e f .  61 ,  Ba l lhausen  [ R e f .  51, and G r i f f i t h  [ R e f .  7 1 .  
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I n  t h e  e l e c t r o s t a t i c  a p p r o x i m a t i o n ,  t h e  H a m i l t o n i a n  f o r  a n  e l e c t r o n  
on t h e  i m p u r i t y  may be w r i t t e n  as 
( 2 . 1 )  L s  + 'X-tal J H = H  
s t a n d s  f o r  a l l  t h e  t e r m s  t h a t  l e a d  t o  t h e  f a m i l i a r  LS coup- where 
l i n g  scheme [Ref .  5 ,  p .  81. The a c t u a l  v a l u e s  of t h e  t e r m s  i n  HLS will. 
b e  r e d u c e d  from t h e i r  f r e e  i o n  v a l u e s ,  however ,  b e c a u s e  o f  t h e  s c r e e n i n g  
i s  t h e  coulomb p o t e n t i a l  a t  t h e  i m p u r i t y  c a u s e d  by t h e  l a t t i c e .  
s i t e  due t o  t h e  a toms s u r r o u n d i n g  t h e  i m p u r i t y  and  hence  h a s  t h e  symmetry 
of t h e  i m p u r i t y  l a t t i c e  s i t e .  The H a m i l t o n i a n  h a s  a s i m p l e  form b e c a u s e  
t h e  e l e c t r o s t a t i c  a p p r o x i m a t i o n  amounts t o  t r e a t i n g  t h e  a toms  o f  t h e  
l a t t i c e  as  p o i n t  c h a r g e s .  
HL,S 
'X-tal 
The rtn~?.inar.t er.n!s ir: lea:! t~ the C e i i t r Z l  fieid approxima-  
"LS 
t i o n .  The result o f  t h a t  a p p r o x i m s t i o n  i s  t h a t  o n e - e l e c t r o i i  % a ~ w  fur:ctio:ts 
e x i s t  which can be s p e c i f i e d  b;; b o t h  an o r b i t a l  quantun? number and ~13 
a n g u l a r  momentum quantum number; e.g., Is, 3 d ,  e t c .  The wave f u n c t i o n s  
f o r  a many-e l ec t ron  atom are c o n s t r u c t e d  b y  fo rming  S l a t e r  dete:-minF.nt:il 
wave  f u n c t i o n s  ( h e r e a f t e r  SDWF': o u t  of t h e  o n e - e l e c t r o n  wave  f u n c t i o n s .  
The t e r m s  i n  
HLS 
n o t  i n c l u d e d  i n  t h e  c e n t r a l  f i e l d  a p p r o x i m a t i o n  l e a d  
t o  e n e r g y  d i f f e r e n c e s  artlong t h e  SDWFs madc up of t h e  same e1en:entar.y v;ave 
f u n c t i o n s .  The e n e r g y  d i f f e r e n c e s  ar ise  from i n t e r a c t i o n  among e l e c t r o n s .  
A s  a s p e c i f i c  example ,  c o n s i d e r  t h e  d wave f u n c t i o n s  f o r  e l e i t r o n  
c o n f i g u r a t i o n s  cons i  sti.rig of n d - e l e c t r o n s  p l u s  c l o s e d  a t o m i c  s h e l l s  
( a n  empty s h e l l  i s  c o n s i d e r e d  t o  be  a c l o s e d  s h e l l  f o r  t h e  p u r p o s e s  of 
t h i s  d i s c u s s i o n ) .  The r e s t r i c t i o n  o f  c l o s e d  s h e l l s  i s  imposed b e c a u s e  
t h e y  g i v e  r ise t o  s p h e r i c a l l y  symmetric p o t e n t i a l s  and  hence  c a n n o t  c a u s e  
mixing  among d w a v e  f u n c t i o n s .  The c e n t r a l  f i e l d  a p p r o x i m a t i o n  l e a d s  
t o  10 independen t  d wave f u n c t i o n s .  These  f u n c t i o n s  f o r  a dn i o n  are  
SDWFs made up from g roups  of n d i f f e r e n t  wave f u n c t i o n s  s e l e c t e d  from 
among t h e  t e n .  For li := 1 t h e r e  are  10 such  SDWFs, f o r  n = 2 t h e r e  a re  
4 5 ,  e t c .  The SDWFs may c o n v e n i e n t l y  be l a b e l e d  w i t h  t h e  t o t a l  s p i n  S 
and t h e  t o t a l  a n g u l a r  momentum L ;  f o r  example ,  S, F .  An SDWF w i t h  
quantum numbers L and  S c o r r e s p o n d s  t o  ( 2 L + l )  :< (25+1! d e g e n e r a t e  
wave f u n c t i o n s .  The r e l a t i v e  e n e r g i e s  of SDWFs w i t h  d i f f e r e n t  v a l u e s  of 
I -1 
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1, and  s be ii;i-itteii +---.-- b c L , , , a  \,I -* +hT-nn u.._-- P. ic ih  n a r n m e t e r s  r-.- - - - - - -  of e l e c t r o -  
s t a t i c  i n t e r a c t i o n ,  A ,  B ,  and C [ R e f .  I ,  Chapser  6 ; .  
The VX-tai  
Hence t h e  s o l u t i o n s  t o  Eq. 
SBWFs. Thz ~ i x i z g  " P P U ~ C  ~ C I U E P  + h e w  SnWFs f o r  t h e  f r e e  i o n  t h a t  " p o i n t "  
t oward  t h e  a toms i n  t h e  l a t t i c e  have a d i f f e r e n t  e n e r g y  from t h o s e  t h a t  
p o i n t  away from t h e  l a t t i c e  s i t e s .  Because o f  t h e  mix ing ,  L i.s n o t  a 
good quantum number i n  t h e  c r y s t a l  and must be r e p l a c e d  w i t h  a number 
b a s e d  on t h e  symmetry g roup  o f  the l a t t i c e .  W e  assume t h a t  S i s  a good 
quantum number i n  t h e  c r y s t a l .  
t e r m  i n  Eq. ( 2 . 1 )  c a u s e s  t h e  mixing  of d i f f e r e n t  SDWFs. 
( 2 . 1 )  are  l i n e a r  c o m b i n a t i o n s  o f  t h e  i n d i v i d u a l  
The m a t r i x  e l e m e n t s  needed t o  s o l v e  Eq.  ( 2 . 1 )  ai-e a v a i l a b l e  f o r  
t h e  case o f  3dn i o n s ,  w i t h  a l l  s h e l l s  e x c e p t  t h e  d s h e l l  c l o s e d ,  i n  
c u b i c  c r y s t a l  f i e l d s  [ R e f .  6 ,  P a r t  11, C h a p t e r  2 1 .  The m a t r i c e s  can  be 
u s e d  t o  c a l c u l a t e  t h e  e i g e n f u n c t i o n s  and e i g e n v a l u e s  of Eq. 
of t h e  Racah parar;.,eters B and C and t h e  c r y s t a l  f i e l d  p a r a m e t e r  Dq. 
The l a t t c r  i s  r e l i t e d  tc t h e  m.agni.ti1de of V . The m a t r i x  e l e m e n t s  
c a n  be used  t o  c o n s t r u c t  a p l o t  0 2  t h e  eigcn'v'aiues cl" Eq.  i 5 . 1 ;  ( ~ 7  CI l u i l -  
t i o n  o f  Dq. I t  i s  c o n v e n i e n t  t o  c a l c u l a t e  t h e  e i g e n v a l u e s  i n  u n i t s  o f  
B and t o  p l o t  them v s  D q / B .  Such a p l o t  f o r  d i n  a t e t r a h e d r a l  f i e l d  
i s  shown i n  k ' i g .  1.. Gniy iiie i u w e i  Ei iEi-gy-  a i g ~ c v a l u a ~  zrn  C ~ ~ Y C .  T h e  
e i g e n v a l u e s  o f  
f r e e  i o n  w i t h  c o n f i g u r a t i o n  d , 
(2.1) i n  terms 
X - t a l  
/', 7 \ .  . -  . c . .___ 
7 
Dq/B = 0 are t h o s e  o f  t h e  SDWFs ( f o r  C/B = 4 . 7 5 )  of a 
7 
The f o l l o w i n g  s e l e c t i o n  r u l e s  f o r  e l e c t r i c  d i p o l e  t r a n s i t i o n s  a r e  
dn e i g e n v a l u e s .  u sed  t o  estimate t h e  a b s o r p t i o n  spec t rum from a p l o t  of 
F i r s t ,  t h e  t o t a l  s p i n  S i s  conse rved  i n  a n  e l ec t r i c  d i p o l e  t r a n s i t i o n .  
T h i s  r u l e  i s  r e l a x e d  by s p i n - o r b i t  i n t e r a c t i o n ,  b u t  i s  q u i t e  good f o r  t h e  
3d i o n s .  Second,  t h e r e  a r e  s y m m e t r y  s e l e c t i o n  r u l e s  t h a t  can  be c a l c u -  
l a t e d  w i t h  s t a n d a r d  group t h e o r e t i c  methods .  T h i r d ,  e l e c t r i c , d i p o l e  t r a n -  
s i t i o n s  are  f o r b i d d e n  between two p u r e  d s t a t e s .  T h i s  r u l e  i s  r e l a x e d  
a t  c r y s t a l  s i t es  t h a t  l a c k  i n v e r s i o n  symmetry because  t h e  l o c a l  p o t e n t i a l  
can  cause mixing  of p and  d s t a t e s .  T y p i c a l  v a l u e s  f o r  t h e  o s c i l l a t o r  
s t r e n g t h s  of  t r a n s i t i o n s  a t  cen t rosymmet r i c  o c t a h e d r a l  s i t e s  are  10 t o  
10 , b u t  a t  t e t r a h e d r a l  s i tes  t h e  v a l u e s  a r e  t y p i c a l l y  10 t o  10 . 
Magne t i c  d i p o l e  and  o t h e r  h i g h e r  o r d e r  t r a n s i t i o n s  a r e  inherently t o o  veak  
t o  be i m p o r t a n t  a t  t h e  low i m p u r i t y  c o n c e n t r a t i o n s  o f  i n t e r e s t .  
-5 
-7 -2 -3  
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C/B =4.75 
I 1 
F I .o 2 .o 
Dq/B 
F I G .  1. EIGENVALUE PLOT FOR d7 I N  A TETRAHEDRXL 
FIELD. 
As a c o n c r e t e  example of the u s e  of t h e  m a t r i x  e l e m e n t s  and t h e  
7 
s e l e c t i o n  r u l e s ,  c o n s i d e r  a d i o n  i n  a c r y s t a l  w i t h  t h e  z i n c  b l e n d e  
s t r u c t u r e ,  e . g . ,  GaP o r  G a A s .  Both t h e  i n t e r s t i t i a l  and  t h e  s u b s t i t u t i o n a l  
s i tes  i n  a z i n c  b l ende  l a t t i c e  have t e t r a h e d r a l  symmetry. The symmetry 
o p e r a t i o n s  of t h e  t e t r a h e d r a l  g roup  6 a d ,  6S4,  and 3'  
are  E ,  8 C  
Td 
[ R e f .  5 ,  p .  421.  The c h a r a c t e r  t a b l e  ( i n  M u l l i k e n ' s  n o t a t i o n )  of 
3c2 
t h e  g roup  i s  ! R e f .  81 shown i n  T a b l e  1, and  t h e  d i r e c t  p r o d u c t  t a b l e  f o r  
t h e  t e t r a h e d r a l  group i s  shown i i i  T a b l e  2 .  The symmetry a l l o w e d  e l e c t r i c  
d i p o l e  t r a n s i t i o n s  can  be c a l c u l a t e d  from T a b l e  2 by u s i n g  t h e  f a c t  t h a t  
t h e  d i p o l e  moment o p e r a t o r  t r a n s f o r m s  a s  T 2 .  The a l l o w e d  t r a n s i t i o n s  
are shown i n  Tab le  3 ,  where a n  "X" means t h a t  a t r a n s i t i o n  between t h e  
two s t a t e s  i s  a l lowed .  
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- 9 -  
TABLE 3 .  ALLOWED DIPOLE 
TRANSITIONS I N  Td 
A 2 i  
X 
X 
X X E l  
X x x  X I 
x x  X 
A t y p i c a l  e i g e n v a l u e  p l o t  f o r  d7 i n  a t e t r a h e d r a l  f i e l d  h a s  
been g i v e n  i n  F i g .  1. T h e  s e p a r a t i c r ,  betwccn t h e  c i -ystai  I i e i a  i e v e i s  i s  
t y p i c a l l y  much l a r g e r  t h a n  kT ( t h e r m a l  e n e r g y \  so t h a t  0111) t r a n s i t i o n s  
s t a r t i n g  a t  t h e  ground s t a t e  w i l l  a p p e a r  i n  t h e  a b s o r p t i o n  s p e c t r u m .  
R e f e r e n c e  t o  Table  3 shows t h a t  t h e  o n l y  symmetry x l lowed t r a n s i t i o n s  from 
an A 2  l e v e l  a r e  t o  T1 l e v e l s .  The s p i n  s e l e c t i o n  r u l e  r e q u i r e s  t h s t  
t h e  t r a n s i t i o n s  f r o m  'A2 be t o  o t h e r  q u a r t e t  l e v e l s .  The o n l y  l e v e l s  
T1 l e v e l s .  Hence t h a t  s a t i s f y  both  r e q u i r e m e n t s  are t h e  two q u a r t e t  
we p r e d i c t  t h a t  t h e  a b s o r p t i o n  spec t rum of a sample  c o n t a i n i n g  a 
i o n  on a t e t r a h e d r a l  s i t e  w i l l  c o n t a i n  two s t r o n g  p e a k s .  The spec t rum 





d '  
4 
from .A l e v e l s  t o  1eve l . s  t h a t  a r e  no t  T -like or  t h a t  a r e  n o t  q u a r t e t s .  2 1 
I f  n e c e s s a r y ,  t h e  s p i n - o r b i t  s p l i t t i n g  of t h e  a b s o r p t i o n  peaks  can  a l s o  
be e s t i m a t e d  [ R e f .  5 ,  Chap te r  61.  A q u a l i t a t i v e  s p e c t r u m  c a n  be con- 
s t r u c + e d  f o r  any d i o n  i n  e x a c t l y  t h e  same way a s  f o r  t h e  d i o n .  
I1 7 
3 .  - 4 p p l i c a t i o n  of t h e  Theory 
A d e t e r m i n a t i o n  of a n  i m p u r i t y ' s  d - s h e l l  s t r u c t u r e  and i t s  s i te  
s y m m e t r y  i n v o l v e s  f o u r  s t e p s :  
1. The o p t i c a l  a b s o r p t i o n  spectrm of t h e  i m p u r i t y  i s  measured 
e x p e r i m e n t a l l y .  
2 .  An e i g e n v a l u e  p l o t  and  a q u a l i t a t i v e  spec t rum are  c o n s t r u c t e d  f o r  
e a c h  l i k e l y  number of d e l e c t r o n s  and  f o r  e a c h  p o s s i b l e  s i t e  
s y m m e t r y .  
SEL-66 -087 - 10 - 
3 .  The o h s e r v e d  specLruiii i s  corilparec! x i t h  the c i l r i i l e t e d  spec t rums  
u n i i i  d iihel, ; , ~ t ~ k  is f~ l~c . ? . .  
4 .  An a t t e m p t  i s  made t o  f i n d  v a l u e s  of B ,  C ,  and D q  f o r  which 
t h e  c a l c u l a t e d  e n e r g y - l e v e l  scherne a c c u r a t e l y  f i t s  t h e  l o c a t i o n  o f  
t h e  peaks  i n  t h e  o b s e r v e d  spec t rum.  
I f  a f i t  canno t  be a c h i e v e d ,  i t  must be conc luded  ‘ t h a t  x n e  a b s o r p t i o n  is 
n o t  due t o  t r a n s i t i o n s  w i t h i n  t h e  d s h e l l  o r  t h a t  a more e x t e n s i v e  t h e o r y  
i s  needed .  I f  a s a t i s f a c t o r y  f i t  i s  a c h i e v e d ,  t h e n  t h e  number of d 
e l e c t r o n s  and t h e  s i t e  a r e  i m m e d i a t e l y  known. 
4 .  _. E x t e n s i o n  of C r y s t a l - F i e l d  Theory by A l l e n  
A l l e n  h a s  s u g g e s t e d  t h a t  i m p u r i t y  i o n i z a t i o n  e n e r g i e s  can  some- 
t i m e s  be c a l c u l a t e d  by t h e  f o l l o w i n g  e x t e n s i o n  of c r y s t a l  f i e l d  t h e o r y  
[ R e f .  1 1 .  The ene rgy  En of t h e  ground s ta te  o f  a dn c o n f i g u r a t i o n  
may b e  w r i t t e n  a s  
where U i s  t h e  p o t e n t i a l  ene rgy  of t h e  d e l e c t r o n s  i n  t h e  coulomb f i e l d  
o f  t h e  c o r e ,  A ,  R ,  ar?d C a r e  t h e  Racah p a r a m e t e r s ,  and  D q  i s  t h e  
c r y s t a l  f i e l d  p a r a m e t e r .  ~ n e  q u a n i i i i e a  “u ., , ~ n d  rl can be d e t e r -  n 
n ’  n n 
- 7  , , , i ~ e d  f r m  t h e  t a h u l a t i o n s  o f  G r i f f i t h  [ R e f .  7 ,  p .  101: and  t h e  m a t r i x  e l e -  
m e n t s  of Tanabe and Sugano [ R e f .  91.  More i m p o r t a n t  t,han t h e  v a l u e  o f  E 
i s  t h e  d i f f e r e n c e  between t h e  v a l u e  of E and  t h e  v a l u e  of E : 
n 
n n-1 
= -u + ( n - 1 )  A - ( b  -b ) B + ( c  -c ) c + ( d  -d 1 D q  . 
n n-1 n n-1 n n-1 n n-1 E - E  
(2.3) 
n-1  
I f  an  i m p u r i t y  l e v e l  can be a t t r i b u t e d  t o  a change  f rom a d t o  a dn 
c o n f i g u r a t i o n ,  t h e  i o n i z a t i o n  ene rgy  of t h e  l e v e l  s h o u l d  be a .pproximate ly  
e q u a l  t o  t h e  ene rgy  d i f f e r e n c e  g i v e n  by Eq. ( 2 . 3 )  [ R e f .  10:. The q u a n t i -  
t i e s  U ,  A ,  B ,  C ,  and D q  must be d e t e r m i n e d  from e x p e r i m e n t a l  d a t a .  
However, once  t h e  f i v e  q u a n t i t i e s  nave  ’oeeii d e t e r m i n e d  f o r  t v ~  r2r t h r e e  
members o f  t h e  dn series i n  a p a r t i c u l a r  c r y s t a l ,  i t  s h o u l d  b e  p o s s i b l e  
t o  estimate t h e  v a l u e s  f o r  t h e  o t h e r  i o n s  s u f f i c i e n t l y  a c c u r a t e l y  t o  ca l -  
c u l a t e  t h e  i o n i z a t i o n  e n e r g i e s  o f  t h e  e n t i r e  dn ser ies .  A l l e n  h a s  t r i e d  
- 11 - SCL-66 -087 
t h i s  s o r t  of e x t r a p o l a t i o n  w i t h  c o n s i d e r a b l e  s u c c e s s  i n  t h e  1 1 - V I  compound 
ZnS [ R e f .  11. 
B e f o r e  A l l e n ' s  t h e o r y  c a n  be a p p l i e d  t o  a n  i m p u r i t y  l e v e l  i n  a 
1 1 1 - V  compound, i t  i s  n e c e s s a r y  t o  show t h a t  c r y s t a l  f i e l d  t h e o r y  i s  ap -  
p l i c a b l e  t o  c o v a l e n t  c r y s t a l s  and  t h a t  t h e  l e v e l  of i n t e r e s t  c a n  be a t t r i b -  
u t e d  t o  changes  i n  t h e  d s h e l l  of t h e  i m p u r i t y .  
C .  SUkMRY 
A p o s s i b l e  way t o  t r e a t  i m p u r i t i e s  w i t h  i n t e r m e d i a t e  i o n i z a t i o n  e n e r -  
g i e s  i s  t o  ex tend  t h e  t h e o r i e s  a p p l i c a b l e  t o  v e r y  t i g h t l y  bound e l e c t r o n i c  
s t a t e s .  The t r a n s i t i o n  metals p r o v i d e  an  i n t e r e s t i n g  and  t r a c t a b l e  g roup  
of i m p u r i t i e s  on which t o  t r y  s u c h  an  e x t e n s i o n .  The r e s u l t s  of a s y s -  
t e m a t i c  s t u d y  of t h e  t r a n s i t i o n  metals  s h o u l d  p r o v i d e  a framework i n  
which o t h e r  i m p u r i t y  r e s u l t s  can  be p l a c e d .  
I n  o r d e r  t o  app ly  t h e  e x i s t i n g  t h e o r i e s  of t r a n s i t i o n - m e t a l  i o n s  t o  
i m p u r i t i e s  i n  1 1 1 - V  compounds, i t  i s  n e c e s s a r y  t o  show e x p e r i m e n t a l l y  t h a t  
t h e  t h e o r i e s  a r e  a p p l i c a b l e  t o  mater ia l s  w i t h  a p p r e c i a b l y  e q u i v a l e n t  bonds .  
I n  o r d e r  t o  app ly  t h e  t h e o r y  p roposed  by A l l e n ,  i t  i s  f u r t h e r  n e c e s s a r y  t o  
show t h a t  t h e  l eve l  under  i n v e s t i g a t i o n  can  be a t t r i b u t e d  t o  t h e  d s h e l l  
of t h e  irnpur i t y . 
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.4. DESCRIPTION OF THE EPITAXIAL SYSTEhl 
The GaP c r y s t a l s  u sed  i n  t h i s  s t u d y  were grown i n  a n  open- tube  e p i -  
t a x i a l  growth  sys t em.  The system w a s  o r i g i n a i i y  developed by G i h h s ” ~  end  
P r e h n  [ R e f .  111 and  was l a t e r  mod i f i ed  by Chen [ R e f .  1 2 1 .  E i t h e r  z i n c  o r  
s u l f u r  was i n c o r p o r a t e d  i n  t h e  c r y s t a l s  t o  c o n t r o l  t h e i r  r e s i s t i v i t i e s .  
Z i n c  i s  a s h a l l o w  a c c e p t o r  and  s u l f u r  i s  a s h a l l o w  donor  i n  Gap. 
The sys tem i s  shown s c h e m a t i c a l l y  i n  F i g .  2 .  Tank hydrogen  w a s  f i r s t  
p u r i f i e d  i n  a M i l t o n  Roy S e r f a s s  Hydrogen P u r i f i e r t  and  t h e n  f e d  i n t o  t h r e e  
o i l  manometers .  The f i r s t  manometer me te red  t h e  hydrogen f l o w  t h r o u g h  t h e  
PC13 b u b b l e r ,  t h e  second moni tored  t h e  f l o w  u s e d  f o r  s u l f u r  d o p i n g ,  and  
t he  t h i r d  me te red  t h e  by-pass  f low.  The f l o w  t h r o u g h  e a c h  of  t h e  t h r e e  
l i n e s  w a s  c o n t r o l l e d  by a p r e c i s i o n  n e e d l e  v a l v e .  A f t e r  p a s s i n g  o v e r  t h e  
r e a g e n t s ,  t h e  hydrogen p a s s e d  through a 2.5-cm I . D .  vycor  r e a c t i o n  t u b e  
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FIG. 2 .  SCHEMATIC DIAGRAM OF THE APPARATUS USED TO GROW SULFUR-DOPED 
CRYSTALS. 
M i l t o n  Roy C o . ,  C h e s t e r l a n d ,  O h i o .  
*Furnace S e r i a l  #6110181, M a r s h a l l  P r o d u c t s  Co. ,  Columbus, Oh io .  
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a d j u s t e d  w i t h  e x t e r n a l  r e s i s t a n c e  s h u n t s  S O  t h a t  t h e  g a l l i u m  metal w a s  
m a i n t a i n e d  a t  970 " C  and t h e  s u b s t r a t e  w a s  a t  805  t o  820 "C. The g a s  
stream p i c k e d  up  g a l l i u m  a t  t h e  b o a t  and d e p o s i t e d  GaP on t h e  G a A s  
s e e d .  Wastes from t h e  chemica l  r e a c t i o n s  w e r e  d e p o s i t e d  a t  t h e  f a r  end  
o f  t h e  t u b e ,  and t h e  hydrogen w a s  burned  o f f  a t  t h e  e x i t .  
.4 q u a l i t a t i v e  p i c t u r e  of t h e  t r a n s p o r t  mechanism i s  g i v e n  by t h e  
f o l l o w i n g  chemica l  e q u a t i o n s ,  which have  n o t  been  v e r i f i e d  e x p e r i m e n t a l l y  
[ R e f s .  1 1 , 1 2 1 :  
A t  970 " C  
A t  805 - 820  " C  
4PC13 --* P +12C1 
Cl+Ga --f G a C l  
4 
2GaCl+H,, -, 2HC1+2Ga 
4Ga+P + 4GaP 
'5 
4 
3GaC1 -. GaC1,+2Ga  
3 
A t  t h e  p x j t  end of t h e  f u r n a c e  
The ma jo r  waste of t h e  s y s t e m  i s  GaCl which t e n d s  t o  c l o g  t h e  r e a c t i o n  
t u b e ;  t h i s  l i m i t s  t h e  amount of c r y s t a l  t h a t  c a n  be grown i n  a s i n g l e  r u n ,  
3 '  
The c r y s t a l s  w e r e  doped by i n t r o d u c i n g  e i t h e r  s u l f u r  o r  z i n c  i n t o  t h e  
g a s  strekin. The s u l f u r  was i n t r o d u c e d  by p a s s i n g  p r t  of t h e  h\;di-ogerl 
f l ow o v e r  s o l i d  s u l f u r  t h a t  w a s  m a i n t a i n e d  a t  c o n s t a n t  t e m p e r a t u r e  by a 
b a t h  of b o i l i n g  l i q u i d . '  
d o p a n t s  f o r  which a s i m p l e  and r e l i a b l e  b o i l i n g - l i q u i d  t e m p e r a t u r e  c o n t r o l  
was found c o n v e n i e n t .  Z inc  dop ing  was accompl i shed  by a d d i n g  a minute  
q u a n t i t y  of z i n c  m e t a l  t o  t h e  g a l l i u m .  
4 
S u l f u r  i s  t h e  o n l y  one of' t h e  common n - type  GaP 
B .  EXPERIMEXl'AL 
1. Methods and C o n d i t i o n s  o f  Growth 
I n  p r e p a r a t i o n  f o r  g r o w t h ,  t h e  P C 1  bubbler.  w a s  c l e a n e d  w i t h  HC1 
and t h e n  r i n s e d  w i t h  methanol  and d r i e d .  The r e a c t i o n  t u b e  and  t h e  b o a t  
( F i g .  3 )  were soaked i n  aqua  r e g i a  f o r  from 5 t o  24 h o u r s  and t h e n  r i n s e d  
w i t h  d e i o n i z e d  wa te r  and  m e t h a n o l .  The c l e a n e d  r e a c t i o n  t u b e  and  b o a t  
3 
'Acetone, me thano l ,  and water w e r e  u s e d .  
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FIG. 3 .  GALLIUM BOAT AND SEED HOLDER USED I N  CRYSTAL GROWTH. 
w e r e  c o a t e d  w i t h  c a r b o n  i n  t h e  r e g i o n s  where GaP would be d e p o s i t e d .  
S t r a i n s  c a u s e d  by d i f f e r e n c e s  i n  t h e  t h e r m a l  e x p a n s i o n  o f  q u a r t z  and  GaP 
c a u s e d  uncoa ted  t u b e s  and b o a t s  t o  b r e a k .  The ca rbon  c o a t i n g  a l s o  made i t  
eas ie r  t o  remove t h e  grown c r y s t a l  and  t o  c l e a n  t h e  q u a r t z .  The r e a c t i o n  
t u b e  was c o a t e d  i n  t h e  f u r n a c e  by c r a c k i n g  methane and t h e  b o a t  w a s  c o a t e d  
i n  a Bunsen b u r z e r  f l a m e .  The tube  was k e p t  hot fi-wm t h e  t i m z  i t  s!"c 
c o a t e d  u n t i i  g rowth  was s t a r t e d .  Az i r g o n  f l o w  w a s  u sed  t o  p r e v e n t  o x i -  
d a t i o n  o f  t h e  c a r b o n .  
The f u r n a c e  t e m p e r a t u r e  p r o f i l e s  u s e d  d u r i n g  growth  a re  shown i n  
F i g .  4 .  P r o f i l e  1 was used  f o r  c r y s t a l s  S 1  t h r o u g h  S 8 ,  and p r o f i i e  
2 w a s  u s e d  f o r  t h e  remainirig c i -ys ta l s .  Aging of t h e  f u r n a c e  n e c e s s i t a t e d  
t h i s  change i n  prorile. The t e n g e r a t u r e  r ~ n g e  w i t h i n  which t h e  s u b s t r a t e s  
w e r e  l o c a t e d  i s  a l s o  i n d i c a t e d  on F i g .  4.  The h i g h e r  t e m p e r a t u r e s  w e r e  
u s e d  t o  grow undoped c r y s t a l s  and t h e  lower  t e m p e r a t u r e s  w e r e  u sed  t o  
grow doped c r y s t a l s .  When t h e  seed  w a s  l o c a t e d  i n  t h e  r ange  shown, t h e r e  
w a s  a t e m p e r a t u r e  d i f f e r e n c e  of a b o u t  10 O C  be tween  i t s  downstream edge  
and  i t s  ups t r eam e d g e .  I f  t h e  seed  w a s  p r o p e r l y  l o c a t e d ,  t h e  10 " C  t e m -  
p e r a t u r e  d i f f e r e n c e  d i d  n o t  i n t e r f e r e  w i t h  t h e  growth  of a c r y s t a l  of 
n e a r l y  un i fo rm t h i c k n e s s .  
The G a A s  wafers u s e d  f o r  s u b s t r a t e s  w e r e  o b t a i n e d  f rom t h e  Monsanto 
Chemical C o . +  i n  t h e  form of (111 > o r i e n t e d  s l i c e s  cu-t  f rom an  undoped 
b o u l e .  The f i r s t  s t e p  i n  ihe p r e p a r a t i o n  of t h e  wafers was t h e  d e t e r m i n a -  
t i o n  of t h e  g a l l i u m  and phosphorus  f a c e s  e i t h e r  from d a t a  s u p p l i e d  by 
Monsanto or from a n  o r i e n t a t i o n  e t c h  [Ref .  131. Second,  t h e  w a f e r s  w e r e  
A 
Monsanto Chemical C o . ,  S t .  L o u i s ,  M i s s o u r i .  I 
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D I S T A N C E  I N T O  F U R N A C E  ( in. )  
F I G .  4 .  TEMPERATURE PROFILES FOR THE CRYSTAL-GROWTH FCKNACE . 
I 
l a p p c d  with 3200 grit carborundum powder and t hen  e t c h e d  i n  9HNO I 1 H F  : 
10 H 0 f o r  from 2 t o  3 m i n u t e s .  E t c h e d  samples  w e r e  s t o r e d  unde r  
methanol  i n  o r d e r  t o  p r e v e n t  o x i d a t i o n .  N o t i c e  t h a t  t h e  s u b s t r a t e s  
were n o t  p o i i s h e d  b e f o r e  u s e .  
2 
G a l l i u m ,  PC13, s u l f u r ,  and z i n c  were u s e d  a s  p u r c h a s e d .  
m e t a l  of s e v e n  n i n e s  p u r i t y  wzs  o b t a i n e d  from t h e  E a g l e - P i c h e r  Company; 
PC13, r e a g e n t  g r a d e ,  and s u l f u r ,  U . S . P .  g r a d e ,  w e r e  o b t a i n e d  from t h e  
Baker  Adamson Company; and  z i n c  m e t a i  of f i v e  n i n e s  p u r i t y ,  i n  t h e  form 
of 1-mg d i s k s  , was purchased  from Cominco. 
Ga l l ium 
t 
When t h e  p r e p a r a t i o n s  f o r  growth  were comp1et.e) t h e  G a A s  s u b s t r a t e  
w a s  removed from i t s  me thano l  s ; o r a g e  b a t h  a n d  p u t ,  g a l l i u m  f a c e  u p ,  on  
t h e  s u b s t r a t e  holder-.  Nex t ,  a p p r o x i m a r e l y  8 gm of  g a l l i u m  m e t a l  w e r e  p u t  
'Eagle-Picher  C o . ,  Quapaw, Oklahortia; Baker  Adamson, D i v i s i o n  of A l l i e d  , , .  I 
Chemical and  Dye C o r p . ,  N e w  Y o r k ,  K.Y.; and  Cominco Metals ,  I n c . ,  
Spokane ,  Washington. 
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i n t o  t h c  q u a r t z  hnzt.  The q p p d  2 n d  the z a i i r u m  w e i e  ii1e11 p l a c e d  ir, thz 
f u r n a c e .  A l a r g e  a rgon  f l o n  n a s  u s e d  t o  p r e v e n t  oxygen from e n t e r i n g  the  
f u r n a c e  wl i i le  t h e  boat  as be ing  i z e r t e d  ~ 
A f t e r  t h e  b o a t  %as i n s e r t e d ,  t h e  a r g o n  f l o w  w a s  s h u t  o f f  and  the  
hydrogen  f l o w  was s t a r t e d .  
best  f o r  t h e  2.5-cm I . D .  r e a c t i o n  t u b e .  The t o t a l  hydrogen  f l o w  w a s  made 
u p  of  t h r e e  p a r t s .  The f i r s t  p a r t  c o n s i s t e d  of 52 cc/min t h a t  had p a s s e d  
t h r o u g h  P C 1  maintained a t  0 'C ,  
1 . 0  X 10 
c r y s t a l  q u a l i t y  and  smaller  f lows  rpduced  the  growth  r a t e .  The second 
p a r t  w a s  u s e d  f o r  s u l f u r  dopiyg .  The t h i r d  p a r t  w a s  added  t o  m a i n t a i n  
t h e  t o t a l  f l o w  between 140 ar ,d  150 cc /min .  
A t o ~ a i  I~VW u f  140 * -  L V  Ad" lcn zc/miz ~ 2 s  fc?ur?c! 
T h i s  f low of 52 cc/min t r a n s p o r t e d  
3 
moles of phosphorus/rnin.  
-4 
L a r g e r  phosphorus  f l o w s  l e d  t o  p o o r  
2 .  Methods of  Es t i rnn t ing  Doping L e v e l s  
_I ____ 
E s t i f n a t e s  of t,he c o n d i t i o n s  needed t o  grow a c r y s t a l  c o n t a i n i n g  
a g i v e n  c o n c e n t r a t i o n  i.f s u l f u r  o r  z i n c  were made a s  fo l lows .  'l'he pos-  
s i b i i i t y  of chsiilica;. rcac-,ien :>e L\t,eell -ilr & p + i n ' ;  a ; , ~  r - - = e - t c  i ~ ~ p i j  
t o  grow t h e  c r y s t a l  was i g n o r e d .  F o r  s u l f u r  d o p i n g  i t  w ~ s  assumed (1) 
t h a t  t h e  hydrogen t h a t  p a s s e d  o v e r  t h e  s o l i d  s u l f u r  w a s  s a t u r a t e d  w i t h  
s u i i ' u r  v a p u ~ ,  hiid !\&,I ' O '  * L - +  L I I U L  +L- C I A _  - . , f i r% c.f' siilf~-!r a t o m s  t o  phr,sphoi-us a toms 
would be  t h e  same i n  t h e  grown c r y s t a l  a s  i t  hzcl becn  ir, the gas stream. 
The c o m p o s i t i o n  of t h e  z i n c - g a l l i u m  s o l u t i o n  u s e d  t o  grow t h e  o n e  z i n c -  
doped c r y s t a l  was 2 p a r t s  z i n c  t o  10 p a r t s  g a l l i u m .  Thlii. r ? t ic ,  was chosen  
for a dop ing  o f  1 . 4  2: 10 c m  . I n  t h e  estimate i t  w a s  assumed (1) t h a t  
t h e  z i n c  vapor  p r e s s u r e  o v e r  t h e  z i n c - g a l l i u m  s o l u t i o n  w a s  2 Y 10 times 
less t h a n  t h e  vapor  p r e s s u r e  of p u r e  z i n c ,  and  ( 2 )  t h a t  t h e  r a t i o  of  z i n c  
t o  phosphorus  would be t h e  same i n  t h e  c i - y s t a l  as i t  ha.d been  i n  t h e  g a s  
stream. 
. ,  
/ 
1.7 - 3  
-7 
3 .  E l e c t r i c a l  MeaFurements Per formed on t h e  C r y s t a l s  __ ._____ 
H a l l  c o e f f i c i e n t  and. r e s i s t i v i t y  were measured on  e i g h t  s u l f u r -  
doped c r y s t a l s ,  on t h e  z i : rc-doped c r y s t a l ,  and  on a n  widoped c r y s t a l .  
Measurements  were made o n  r e c t a n g u l a r  bars c u t  f rom t h e  c r y s t a l s ,  'The 
su l f~ . i r -doped  bars  we CY, c0cj'i.e.c; t o  l i < ! t i i c i  n i t i . o g e n  t e m p e r a t u r e  and  t h e n  
measured  a s  t h e y  wa;-ifit;3 lip, (Electrical ccr . tac?  to t h e  b a r s  was made 
w i t h  t i n  c o n t a c t s  which were a l l o y e d  t o  t h e  bars i n  a hydrogel: f u r n a c e .  ) 
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The undoped c r y s t a l  and t h e  z inc-doped  one were measured  i n  t h e  €!all 
e f f e c t  a p p a r a t u s  d e s c r i b e d  i n  Chap te r  V .  
C .  RESULTS OF CRYSTAL GROWTH 
Data  from t h e  c r y s t a l  g rowths  c a r r i e d  O u t  i n  the s t u d y  are  siummarized 
i n  T a b l e  4 .  O f  t h e  23 g rowths  p e r f o r m e d ,  2 1  y i e l . d e d  some s i n g l e  c r y s t a l -  
l i n e  m a t e r i a l  and 2 f a i l e d  due t o  irflproper' l o c a t i o n  of t h e  seed. T y p i -  
c a l l y ,  t h e  r e s u l t  o f  a n  8-hour  growth  was a 1-cm s i n g l e  c r y s t a l  between 
500 and 700 microns  t h i c k .  
2 
The H a l l  e f f e c t  d a t a  f o r  c r y s t a l s  S1, S5, S6, S 8 ,  and  S11 a r e  g i v e n  
i n  F i g .  5 .  The shape  of t h e  p l o t , s  s u g g e s t s  t h a t  t h e  samples  c o n t a i n  o n l y  
s u l f u r  d o n o r s  o r  t h a t  t h e y  c o n t a i n  s u l f u r  dono:-s and  a compensa t ing  i m -  
p u r i t y ,  The  d a t a  f o r  c r y s t a l s  S 2 ,  5 3 ,  and S-l as gl. i .ei ;  in F i g .  6 ,  suggest 
t h a t  t h e s e  t h r e e  samples  c o n t a i r !  s u l f u r  a n d  r i n d h e r  \.e.-;; shalloii.  daria?, . 
There  i s  n o t h i n g  a b o u t  t h e  growth cor id i t  ions 01' t h e  c r y s f a 1 . s  t h a t  e x p l a i n ?  
why t h c  tv<o d i l ' f e r e i i t  t y p e s  of p i o t s  shown 1;i f . ' i i r . z .  5 a n d  6 were o b t a i n e d .  
T y p i c a l  mobility d a t a  from t h e  su l iu r - -doped  c r y s t a l s  a r e  s h o c w  i n  F i g .  7 ,  
-7- / - 
TABLE 4 .  GaP CRYSTAL GROWTH DATA 
I 
1 S u l f u r  Flow? i Elec t rons /cm3 ~ H a l l  M o b i l i t y  Comments* Expected  P Flow 
, 
I 
I I 1 1 i lou ohm - cm Very Thin I c r v s t a l  --- I S O  1 Undoped 
I 
! 
1 S 9  I Undoped I Seed i m p r o p e r l y  ' l o c a t e d  , 1 
?A - S u l f u r  a t  56.5 'C, vapor  p r e s s u r e  4 . 4 * 1 0 - 4  m m  H g .  
M - S u l f u r  a t  6 4 . 7  'C, vapor  p r e s s u r e  R . 9 4 0 - 4  mm Hg 
W - S u l f u r  a t  100 "C, vapor  p r e s s u r e  1 . 1 X 1 0 - 2  rnm Hg. 
*Good, a v e r a g e ,  e t c . ,  r e f e r  to  t h e  appearance  o f  t h e  s u r f a c e  and t h e  t h i c k n e s s  of t h e  grown c r y s t a l .  
IJery good r e f e r s  t o  a n  a p p r o x i m a t e l y  0 .8-nm-th ick  c r y s t a l  w i t h  smooth s u r f a c e s  
t h i n  o r  wedge-shaped c r y s t a l  w i t h  rough s u r f a c e s .  
Bad r e f e r s  to  a 
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F I G .  6 .  THE HALL C O E F F I C I E N T  
TIMES ~ 3 / 2  vs 1 0 3 / ~  FOR 
THREE DIFFERENT SULFUR-DOPED 
GaP CRYSTALS. 
The e l e c t r i c a l  d a t a  f o r  t h e  z inc-doped  c r y s t a l  a re  g i v e n  i n  F i g .  8. 
The Zn i o n i z 3 t i o n  e n e r g y  of 0.032 eV deduced from t h e  d a t a  i s  i n  good 
agreement  ivi th  t h e  vd lue  e s t i m a t e d  by Madelung [ R e f .  14:. F i q a l l y ,  the 
d a t a  from a n  undoped c r y s t a l  ( S 2 i l  a r e  g i v e n  i n  F i g .  9 ;  t h e s e  d a t a  sug-  
g e s t  t h a t  t h e  sample c o n t a i n s  a b o u t  10 c m  shallow d o n o r s  and  p o s s i b l y  
a l a r g e r  c o n c e n t r a t i o n  of o t h e r  i m p u r i t i e s .  
1 4  - 3  
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F IG.  8 .  ELECTRICAL PROPERTIES OF ZINC-DOPED G a P  ( Z n l ) .  
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FIG.  9 .  ELECTRICAL PROPERTIES OF UNDOPED G a P  ( S 2 1 ) .  
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1. E f f e c t s  o f  Tempera tu re  G r a d i e n t  a t  t h e  S u b s t r a t e  
T r i a l  and e r r o r  showed t h a t  undoped c r y s t a l s  had t o  b e  grown a t  
815 t o  818 " C  and t h a t  t h e  t e m p e r a t u r e  had t o  b e  lowered  t o  805 t o  807 " C  
t o  grow c r y s t a l s  doped i n  t h e  h i g h  10 c m  r ange  and a b o v e .  S i n c e  t h e  
t e m p e r a t u r e  range  from 817 t o  805 " C  c o r r e s p o n d e d  t o  o n l y  0 . 6  cm i n  t h e  
2 0  "C/cm t e m p e r a t u r e  g r a d i e n t  of t h e  f u r n a c e ,  t h e  s e e d  had t o  b e  c a r e -  
f u l l y  p o s i t i o n e d .  I f  t h e  s e e d  was p r o p e r l y  p o s i t i o n e d ,  a c r y s t a l  w i t h  
n e a r l y  p a r a l l e l  f a c e s  c o u l d  be grown i n  s p i t e  of t h e  t e m p e r a t u r e  g r a d i e n t .  
Under good growth c o n d i t i o n s ,  t h e  t h i c k n e s s  o f  t h e  c r y s t a l  d i d  n o t  v a r y  
by more t h a n  100 mic rons  a c r o s s  t h e  growth  f a c e .  A p p a r e n t l y ,  a t  t h e  
r i g h t  l o c a t i o n  t h e  combina t ion  of b o a t  shape  and  t e m p e r a t u r e  g r a d i e n t  
w a s  such  t h a t  t h e  d e p l e t i o n  of t h e  g a s  s t r e a m  a t  t h e  l o w - t e m p e r a t u r e  edge  
of t h e  s u b s t r a t e  was c l o s e l y  compensated by t h e  i n c r e a s e  i n  t h e  d r i v i n g  
f o r c e  f o r  growth due t o  t h e  lower  t e m p e r a t u r e .  
17 -3 
2 .  C o n t r o l  o f  Doping 
A s  shown i n  T a b l e  4 ,  t h e  e l e c t r o n  c o n c e n t r a t i o n  a t  room tempera-  
t u r e  was u s u a l l y  w i t h i n  a f a c t o r  o€ 2 of t h p  e x p e c t e d  d o p i n g .  T h e r e  was 
no a p p a r e n t  c o r r e l a t i o n  between t h e  c o n d i t i o n s  o f  g rowth  and  t h e  a g r e e -  
ment be tween t h e  c a l c u l a t e d  and t h e  o b s e r v e d  e l e c t r o n  c o n c e n t r a t i o n s .  
S i n c e  v e r y  l i t t l e  i s  known a b o u t  t h e  dop ing  p i w c e s b ,  p r e d i c t i n g  the dup ing  
t o  w i t h i n  a f a c t o r  o f  2 i s  q u i t e  s a t i s f a c t o r y .  The s u l f u r  d i d  n o t  s e e m  
t o  i n t e r f e r e  wi th  t h e  g r o w t h ,  e x c e p t  o f  c o u r s e  t h a t  i t  was o b s e r v e d  t h a t  
h e a v i l y  s u l f u r - d o p e d  c r y s t a l s  had t o  be grown a t  lower  t e m p e r a t u r e s  t h a n  
undoped o n e s .  The growth  r a t e s  f o r  b o t h  s u l f u r - d o p e d  and  undoped c r y s t a l s  
w e r e  a l w a y s  between 1 and 1 . 5  microns /min  when t h e  s e e d  was p r o p e r l y  
l o c a t e d .  
3 .  I o n i z a t i o n  Energy of S u l f u r  
The purpose  o f  t h e  f o l l o w i n g  d i s c u s s i o n  i s  t o  show t h a t  t h e r e  are 
u n e x p l a i n e d  wide v a r i a t i o n s  i n  t h e  e x p e r i m e n t a l l y  measured i o n i z a t i o n  
e n e r g y  of s u l f u r  d o n o r s .  The i o n i z a t i o n  e n e r g y  o f  s u l f u r  may be i m p o r t a n t  
i n  t h e  d e s i g n  of GaP d e v i c e s  f o r  u s e  o v e r  a wide t e m p e r a t u r e  r a n g e .  
Va lues  f o r  t h e  s u l f u r  i o n i z a t i o n  e n e r g y  E can  be c a l c u l a t e d  
S 
from t h e  p l o t s  in F i g .  5 i f  i t  i s  assumed t h a t  s u l f u r  i s  t h e  dominant 
SEL-66-087 - 2 2  - 
I m p u r i t y .  The s l o p c s  of t h e  s t r a i g h t  l i ces  t h a t  :mike up t h e  low-tempera- 
t u r e  p a r t s  of t h e  p l o t s  shou ld  y i e l d  e i t h e r  E o r  E c / 2 ,  depending  on 
w h e t h e r  o r  n o t  t h e  c r y s t a l s  con ta i i i  a n  a c c e p t o r  impurity t h a t  p a r t i a l l y  
compensa te s  t h e  s u l f u r  [ R e f .  151. The s l o p e s ,  c o n v e r t e d  t o  m i l l i e l e c t r o n  
v o l t s  t h r o u g h  t h e  u s e  o f  t h e  formula  
S Y 
n = n 0 exp(&) , (3.11 
are  l i s t e d  i n  T a b l e  5 .  No t i ce  t h a t  t h e  l a r g e s t  v a l u e  g i v e n  i n  t h e  t a b l e  
i s  t h r e e  t i m e s  t h e  s m a l l e s t  va lue  r a t h e r  t h a n  t w i c e  t h e  smallest a s  t h e  
t h e o r y  p r e d i c t s .  N o  c o r r e l a t i o n  e x i s t s  between t h e  e l e c t r o n  c o n c e n t r a t i o n s  
and  t h e  c a l c u l a t e d  e n e r g i e s .  
TABLE 5. VALUES USED TO ESTIMATE THE 
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I n  o r d e r  t o  emphas ize  t h e  s p r e a d  i n  t h e  a v a i l a b l e  d a t a  on t h e  s u l -  
f u r  i o n i z a t i o n  e n e r g y ,  t h e  da t a  i n  T a b l e  5 and t h o s e  of Montgomery and  
Feldman [ R e f .  161 a r e  p l o t t e d  i n  F i g .  1 0 .  The v a l u e s  from T a b l e  5 w e r e  
m u l t i p l i e d  by 2 whenever t h i s  b rough t  them i n t o  c l o s e r  agreement  w i t h  t h e  
p u b l i s h e d  v a l u e s .  The m u l t i p l i c a t i o n  was done t o  emphas ize  t h e  f a c t  t h a t  
t h e  measured v a l u e s  f o r  t h e  s u l f u r  i o n i z a i i o n  e r i e I g y  appear wide ly  s p r e a d  
even  i f  t h e  d a t a  shown i n  Table  5 are  a d j u s t e d .  The r e s u l t s  from 15  samples  
are  shown i n  F i g .  10.  The da ta  p o i n t s  s p r e a d  from 0 .048  t o  0 . 1 0 3  e V ,  w i t h  
a n  a v e r a g e  v a l u e  of a b o u t  0.08 e V .  
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FIG. 1 0 .  SULFUR IONIZATION ENERGY VS CARRIER 
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D .  SUMMARY 
Both n- and p- type  GaP c r y s t a l s  u s e d  i n  t h i s  s t u d y  w e r e  p roduced  i n  
a n  open- tube  e p i t a x i a l  g rowth  sys t em.  ,111 a c c u r a t e  d e t e r m i n a t i o n  of t h e  
i o n i z a t i o n  energy  of s u l f u r  i s  s u g g e s t e d  a s  a s u b j e c t  f o r  f u t u r e  r e s e a r c h .  
SEL -66 -087 - 24 - 
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- 7  i r i i s  chap ie l -  is concerned w i t h  t h e  d i f f u s i o n  ef c o b a l t  i n t o  GaP 
and t h e  method used t o  p r e p a r e  t h e  samples  f o r  H a l l  e f f e c t  and o p t i c a l  
e x p e r i m e n t s  . 
A .  EXPERIMENTAL PROCEDURES 
Coba l t -60 ,  which h a s  a h a l f - l i f e  o f  5 . 2  y e a r s ,  w a s  u s e d  a s  t h e  r a d i o -  
t racer  i n  t h e s e  e x p e r i m e n t s .  Count ing  was done i n  a @ - r a y  p r o p o r t i o n a l  
c o u n t e r .  
1. P r o c e s s i n g  of Cobalt-GO 
A l a y e r  of c o b a l t ,  vacuum e v a p o r a t e d  o n t o  GaP w a f e r s ,  p r o v i d e d  t h e  
d i f f u s i o n  s o u r c e .  The c o b a l t  was p u t  d i r e c t l y  on t h e  w a f e r s  b e c a u s e  i t s  
v a p o r  p r e s s u r e  i s  t o o  low a t  a l l  t e m p e r a t u r e s  below t h e  m e l t i n g  p o i n t  o f  
GaP t~ permit t h e  n s e  r?f g a s  phase r i i f f i i s i o n  t e c h n i q u e s .  The c o b a l t  was 
~ ~ ~ i l l  i a y t z ~ a  of the m e t a l  which hz6 bee:: e l e c t r c p l a t e d  OR e"ap"r-ated fi*Uiii * - . z . -  -I --.- ~ - -  
t a n t a l u m  f i l a m e n t s .  The c o b a l t - 6 0  f o r  t h e  e l e c t r o p l a t i n g  b a t h  was p u r -  
c h a s e d  from N e w  England  Nuclear  Corpora t ion '  i.n t h e  form of a mixt ,ure  of 
r a d i o a c t i v e  and  e l e m e n t a l  c o b a l t  d i s s o l v e d  i r .  K C l .  The s p e c i f i c a t i o n s  
o f  tine so luz io r i  as  r e c e i v e d  were as folloii-s ; 
S p e c i f i c  a c t i v i t y  319 curies/ /gm 
60 -7 co 2 . 9 6  x 10 moles  
59 -7 co 7 . 7  i: 10 moles  
H C 1  1 . 4  iu 
T o t a l  a c t  i v i t j '  20 m i l l i c u r i e s  
T o t a l  volume 2 . 2 4  ml 
I n  o r d e r  t o  p r e p a r e  a n  e l e c t r o p l a t i n g  b a t h ,  i t  w a s  n e c e s s a r y  t o  
add  n o n r a d i o a c t i v e  c o b a l t  and  p o t a s s i u m  hydrox ide  t o  t h e  s o l u t i o n .  The 
N e w  England  ' . i i lClPar  C o r p ,  , Iloston , hlass . t 
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b a t h  w a s  b u f f e r e d  w i t h  b o r i c  a c i d .  The c o m p o s i t i o n  found  most s a t i s f a c t o r y  
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2 .  D i f f u s i o n  P r o c e d u r e  
T h e  specimens f o r  d i f f u s i o n  w e r e  cu t  f r o m  s i n g l e - c r y s t a l  e p i t a x -  
i a l l y  grown GaP w a f e r s .  They were l a p p e d  w i t h  3200 g r i t  a b r a s i v e ,  soaked  
i r i  w a r m  KCY s o l u t i o n  (lo.", KCN i n  H,O' ,  washed i n  d e i o n i z e d  w a t e r ,  sild 
r i n s e d  i n  a l c o h o l .  The f i x t u r e  shown i n  F i g .  11 w a s  u sed  t o  e v a p o r a t e  
c o b a l t  o n t o  t h e  w a f e r s .  A vacuum of 10 t o r r  \cas m a i n t a i n e d  d u r i n g  t h e  




The ampoules used  i n  t h e s e  e x p e r i m e n t s  had t h e  f o l l o w i n g  c h a r a c -  
t e r i s t i c s .  They w e r e  c o n s t r u c t e d  of 4-mm-bore Thermal American o r  Enge l -  
T h a r d  I n d u s t r i e s  s u p r a s i l  g r a d e  q u a r t z .  S u p r a s i l  q u a r t z  i s  a ve ry  p u r e  
form of q u a r t z .  The ampoules were vacuum f i r e d  immedia t e ly  b e f o r e  u s e  t o  
d r i v e  o u t  any  abso rbed  water v a p o r .  Q u a r t z  p l u g s  w e r e  u s e d  t o  r e d u c e  t h e  
volume of t h e  ampoules t o  a s  s m a l l  a v a l u e  as p o s s i b l e .  With t h e  p l u g s  i n  
p l a c e ,  t h e  i n t e r n a l  volume of t h e  ampoules w a s  t y p i c a l l y  a b o u t  0 . 1  c c .  
t 
'The u s e  of a KCN b a t h  [ R e f .  171 and of h i g h  p u r i t y  q u a r t z  [ R e f .  181 have  
been  s u g g e s t e d  as w a y s  of p r e v e n t i n g  coppe r  c o n t a m i n a t i o n .  
Thermal American Fused Q u a r t z  C O . ,  M o n t v i l l e ,  N . J . ;  Enge lha rd  I n d u s t r i e s ,  
I n c . ,  A m e r s i l  Q u a r t z  D i v . ,  H i l l s i d e ,  N . J .  
1. f
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FIG. 11. PHOTOGRAPH OF THE RADIOTRACER EVAPORATION FIXTURE 
Approx ima te ly  100 Iig of r e d  p h o s p h o r u s  w a s  s e a l e d  i n  t h e  d i f f u s i o n  
ampoules  a l o n g  w i t h  t h e  sample t o  p r e v e n t  t h e  d e c o m p o s i t i o n  o f  GaP and  t o  
e s t a b l i s h  a n  unambiguous thermodynamic sys t em [ R e f .  191.  The p r e s s u r e  
i n s i d e  a 0.1-cc ampoule due t o  t h e  added  phosphorus  i s  shown a s  a f u n c t i o n  
of t h e  d i f f u s i o n  t e m p e r a t u r e  i n  F i g .  1 2 .  The p r e s s u r e  i n  a n y  a-mpoule may 
h a v e  v a r i e d  by a f a c t o r  of 2 f rom t h e  v a l u e s  shown i n  F i g .  1 2  due  t o  t h e  
d i f f i c u l t i e s  i n  w e i g h i n g  t h e  phosphorus  and in s e a l i n g  t he  ampouics. 
t 
0.01 
1000 1100 1200 1300 1400 1500 1600 
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FIG.  1 2 .  THE TOTAL PRESSURE AND THE 
PARTIAL PRESSURES FROM P2 AND 
TAINING 100 -Ig OF PHOSPHORUS. 
Pq INSIDE A 0 . l - c C  AMPOULE CON- 
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D i f f u s i o n s  were pe r fo rmed  a t  t e m p e r a t u r e s  between 900 a n d  1250 " C  
f o r  times between 30 m i n u t e s  and  6 2  h o u r s .  The main problem e n c o u n t e r e d  
i n  t h e  d i f f u s i o n s  was t h a t  some t r a n s p o r t  of t h e  sample  o c c u r r e d ;  t h e  
t r a n s p o r t  a g e n t  w a s  p r o b a b l y  w a t e r  v a p o r  f rom t h e  q u a r t z  [ K e f .  201 .  The 
vacuum f i r i n g  of  t h e  q u a r t z  k e p t  t h e  amount of t r a n s p o r t  w i t h i n  t o l e r a b l e  
l i m i t s  a t  t e m p e r a t u r e s  below 1200 O C ,  b u t  d i d  n o t  p r e v e n t  i t  e n t i r e l y .  
Above 1250 " C  t h e  t r a n s p o r t  became so s e v e r e  t h a t  no  d a t a  c o u l d  be t a k e n .  
A f t e r  d i f f u s i o n ,  t h e  c r y s t a l  w a s  removed from i t s  ampoule and  one  
o r  more 2.5-mm d i s k s  w e r e  c u t  from i t  w i t h  a n  u l t r a s o n i c  c u t t e r .  One d i s k  
w a s  t h e n  mounted i n  a p r e c i s i o n  l a p p i n g  machine and  l a y e r s  between 1 / 2  
and  40 m i c r o n s  t h i c k  were removed. The amount of m a t e r i a l  removed was 
d e t e r m i n e d  by weighing t h e  d i s k  b e f o r e  and  a f t e r  l a p p i n g .  The c o b a l t  
c o n c e n t r a t i o n  i n  a l a p p e d  l a y e r  was d e t e r m i n e d  from a measurement of t h e  
be t a  a c t i v i t y  of t h e  a lumina  p l a t e  on  which t h e  d i s k  had been l a p p e d .  
3 .  C o n s t r u c t i o n  of D i f f u s i o n  P r o f i l e s  
The c o h a l t  c o n c e n t r a t i o n  wxs c a l c u l a t e d  f ' r o m  t h e  b e t a  a c t i v i t y  of 
t h e  p l a t e  i n  t h e  f o l l o w i n g  w a y .  L e t  c be  t h e  number of c o u n t s  p e r  min- 
u t e  measured b y  t h e  c o u n t e r ,  minus t h e  background ,  when a l a y e r  we igh ing  
Aw grams had  been l apped  from t h e  d i s k .  An i n d e p e n d e n t  measurement w i t h  
a c o b a i t - 6 0  s t a n d a r d  showed t h a t  t h e  r a t i o  of c o u n t s  t o  c o b a l t - 6 0  d e c a y s  
w a s  0 .17 to  1. The c o b a l t - 6 0  c o n c e n t r a t i o n  [ C o  ] i s  g i v e n  by 
60 
60 7 c 
0 .17  Ow 'Gap ' 
~ C O  1 = ( 1 . 6 7  10 'I 
The t o t a l  coba l t  c o n c e n t r a t i o n  [ C o !  i s  g i v e n  by  
[ c o ]  = 
which g i v e s  
10 
0.87 x 10 c 
AW 
[ C o ]  = 
I n  t h e  e x p r e s s i o n s  a b o v e ,  
t h e  c o n c e n t r a t i o n s  a r e  i n  atoms per  c c .  A s t r a i g h t f o r w a r d  c a l c u l a t i o n  
shows t h a t  t h e  t h i c k n e s s  of t h e  removed l a y e r ,  i n  c e n t i m e t e r s ,  i s  
i s  t h e  d e n s i t y  of GaP ( 4 . 1 3  gm/cc) and  
GaP 
( 4 . 1 )  
( 4 . 2 )  
( 4 . 3 )  
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D i f f u s i o n  p r o f i l e s  were c o n s t r u c t e d  by i n s e r t i n g  measured v a l u e s  of Aw 
and c i n t o  t h e  above  f o r m u l a s .  
4 .  E r r o r  A n a l y s i s  
An estimate o f  t h e  a c c i d e n t a l  e r r o r  i n  a c o n c e n t r a t i o n  measure- 
ment i s  g i v e n  i n  F i g .  1 3 .  The e r r o r  w a s  t a k e n  t o  b e  t h e  sum o f  a n  e r r o r  
of +4 p e r c e n t  due  t o  l a p p i n g ,  w e i g h i n g ,  e t c . ,  and a n  e r r o r  due t o  c o u n t i n g .  
The l a t t e r  w a s  c a l c u l a t e d  a s  f o l l o w s .  The s t a n d a r d  d e v i a t i o n  i n  t h e  number 
o f  c o u n t s  above background CT i s  g i v e n  by [ R e f ,  211  
C 
CT = J c T i - c  
C B ( 4 . 5 )  
i s  t h e  number of back- % where CT i s  t h e  t o t a l  number o f  c o u n t s  and  
ground c o u n t s .  E q u a t i o n s  ( 4 . 3 )  and ( 4 . 5 )  w e r e  u sed  t o  c a l c u l a t e  s t a n d a r d  
d e v i a t i z r , s  i n  c o n c m t r a t l o n .  T h i s  w a s  p o s s i b l e  because  a i l  coai i t i i ig  xas 
MEASURED CONCENTRATION (a toms/cc) 
F I G .  1 3 .  ESTIMATE OF ACCIDENTAL ERROR I N  RADIOTRACER 
CONCENTRATION MEASUREMENTS. 
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f o r  1 minu te  so t h a t  t h e  number of  c o u n t s  p e r  m i n u t e  and  t h e  number of  
c o u n t s  w e r e  e q u a l .  [Eq .  ( 4 . 3 )  r e q u i r e s  a c o u n t i n g  r a t e ;  E q .  ( 4 . 5 )  re- 
q u i r e s  a number of  c o u n t s . ]  T y p i c a l  e x p e r i m e n t a l  v a l u e s  o f  20 c o u n t s  p e r  
minu te  f o r  t h e  background and  of 100 rg f o r  ihv w e r e  u s e d  i n  t h e  c a l c u -  
l a t i o n s .  
The p l o t  i n  F i g .  13 shows t h a t  t h e  e r ro r  f o r  c o n c e n t r a t i o n s  of 
1 6  -3 
l e s s  t h a n  10 c m  i s  v e r y  l a r g e .  T h i s  l a r g e  e r r o r  i s  a d i r e c t  conse -  
quence  o f  t h e  f a c t  t h a t  n o n r a d i o a c t i v e  c o b a l t  had  t o  b e  added  t o  t h e  h i g h  
s p e c i f i c  a c t i v i t y  s o l u t i o n  p u r c h a s e d  i n  o r d e r  t o  o b t a i n  a s o l u t i o n  t h a t  
would p l a t e  s a t i s f a c t o r i l y .  T h i s  e r r o r  i s  t h e  ma jo r  drawback r e s u l t i n g  
from t h e  p l a t i n g  method of  p r e p a r i n g  t h e  r a d i o t r a c e r .  
B .  RESULTS OF DIFFUSION 
‘The r e s u l t s  o f  t h e  r a d i o t r a c e r  work a r e  p r e s e n t e d  a s  p l o t s  of  t h e  
l o g a r i t h m  of  t h e  c o b a l t  c o n c e n t r a t i o n  v s  t h e  d i s t a n c e  from t h e  c r y s t a l  
f a c e  t h a t  had been c o a t e d  w i t h  r a d i o t r a c e i .  c o b a l t .  The e r r o r  l i m i t s  have  
been  o m i t t e d  from some of  t h e  f i g u r e s  f o r  t h e  s a k e  of  c l a r i t y .  The e r r o r  
can a l w a y s  be  de t e rmined  by r e f e r r i n g  t o  F i g .  13. S i n c e  t h e  aim o f  t h e  
r a d i o t r a c e r  work u.as t o  p roduce  u n i f o r m l y  doped s a m p l e s ,  m o s t  o f  t h e  
d i f f u s i o n s  were done f o r  c o m b i n a t i o n s  of  t i m e  and  t e m p e r a t u r e  1.vhich prom- 
ised t o  gix,e t he  f l a t t e s t  p r o f i l e s .  
.I t y p i c a l  d i f f u s i o n  p r o f i l e  i s  shoivn i n  F i g .  1 4 .  I t  c u n s i s t s  of  a 
r e g i o n  of r a p i d l y  d e c r e a s i n g  c o n c e n t r a t i o n  n e a r  t h e  s u r f a c e  f o l l o w e d  by n 
r e g i o n  i n  which t h e  c o b a l t  c o n c e n t r a t i o n  is n e a r l y  c o n s t a n t .  S i m i l a r  p r o -  
f i l e s  have been r e p o r t e d  f o r  t h e  d i f f u s i o n  of  t r a n s i t i o n  and  n o b l e  m e t a l s  
i n t o  GaAs and  o t h e r  1 1 1 - V  compounds [ R e f .  2 2 : .  
T y p i c a l  r e s u l t s  of  a series of  d i f f u s i o n s  f o r  t h e  same t i m e  b u t  a t  
d i f f e r e n t  t e m p e r a t u r e s  a r e  shown i n  F i g .  15 .  N o t i c e  t h a t  t h e  c o b a l t  con-  
c e n t r a t i o n  i n  t h e  c e n t r a l  r e g i o n  i n c r e a s e s  a s  t h e  d i f f u s i o n  t e m p e r a t u r e  
i n c r e a s e s .  I n  F i g s .  16 and  1 7 ,  t h e  r e s u l t s  of  d i f f u s i o n s  f o r  d i f f e r e n t  
t i m e s  a t  t h e  same t e m p e r a t u r e  a r e  shown. Data  f rom two d i f f e r e n t  c r y s t a l s  
were i n c l u d e d  i n  F i g .  1 7  o n l y  a f t e r  t h e  d a t a  w e r e  p roved  t o  be c o n s i s t e n t .  
The d a t a  shown i n  F i g .  18 were t a k e n  t o  d e t e r m i n e  i f  t h e  d i f f u s i o n  
p r o f i l e s  i n  p- type c r y s t a l s  w e r e  n o t i c e a b l y  d i f f e r e n t  f rom t h o s e  i n  n - type  
c r y s t a l s .  L i t t l e  d i f f e r e n c e  i s  n o t e d .  
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DISTANCE BELOW SURFACE ( p )  
t 0 
F I G .  1 4 .  T Y P I C &  D I F F U S I O N  P R O F I L E  
FOR COBALT I N  G a p .  C r y s t a l  S4 
( s u l f u r  > 2 x 10l8 
1015 " C .  
29 h r ,  
F I G .  15 .  COBALT P R O F I L E S  AFTER 
24-HR D I F F U S I O N S  AT DIFFERENT 
TEMPERATURES I N  G a p .  C r y s t a l  S4 
( s u l f u r  > 2 x 1018 c m - 3 ) .  
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FIG. 16. COBALT PROFILES AFTER 
DIFFUSIOS AT 1015 " C  FOR DIFFEREST 
TIMES IN Gap. Crystal S4 
(sulfur >. 2 x 1018 c m - 3 ) .  
FIG. 17. COBALT PROFILES AFTER 
DIFFUSIOSS AT 1100 "C FOR 
DIFFEREKT TIms. 
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FIG. 18.  COBALT PROFILE AFTER 1100 O C  
DIFFUSION FOR 24 HR I N  p-TYPE Gap. 
C r y s t a l  Z n l  ( Z n = 6  i, 1 O I 8  c m a 3 ) .  
DISTANCE BELOW SURFACE ! p )  
-.._ s u g g e s t e d  t h a t  
t h e  f l a t t e s t  p r o f i l e s  would be o b t a i n e d  by d i f f u s i n g  i n t o  a w a f e r  from 
b o t h  f a c e s  o f  t h e  w a f e r .  T y p i c a l  r e s u l t s  of such  d i f f u s i o n s  are  g i v e n  
i n  F i g .  1 9 .  The asymmetry i n  the  p r o f i l e s  i s  due t o  c rumbl ing  of  t h e  
samples d u r i n g  l a p p i n g .  
- I - -  - - - . . 7  :-2.---*- cc ..^_. -- 
iiic p i e ~ i i i i i i i a i ~  d i ~ L u a i u 1 ,  d a t a  S ~ G W E  i: +ha fi m l r ~ ~  
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0 -  24hr. 1205"C, Nd d 7 C m - 3  
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FIG. 1 9 .  PROFILES FOR COBALT DIFFUSED 
FROM BOTH SIDES OF A WAFER. 
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C .  DISCUSSIOIi  OF DIFFUSIO?: DATA 
1. P r e p a r a t i o n  o f  E l e c t r i c a l  and  O p t i c a l  Samples  
The most i m p o r t a n t  c o n c l u s i o n  t o  be drawn from t h e  d a t a  i s  t h a t  
u n i f o r m l y  cobal t -doped  samples  of GaP c a n  be p r e p a r e d  by  d i f f u s i o n .  The 
f a c t  t h a t  d i f f u s i o n  l e a d s  t o  a wide r e g i o n  o f  c r y s t a l  w i t h  a n e a r l y  u n i -  
form c o b a l t  c o n c e n t r a t i o n  i s  p a r t i c u l a r l y  e v i d e n t  i n  F i g ,  1 9 .  A u n i f o r m l y  
doped sample i s  e a s i l y  o b t a i n e d  from a d i f f u s e d  sample  by l a p p i n g  o f f  t h e  
r e g i o n s  of r a p i d l y  d e c r e a s i n g  c o n c e n t r a t i o n .  .41so, t h e  c o n c e n t r a t i o n  a t -  
t a i n e d  a f t e r  a 1200 " C  d i f f u s i o n  was l a r g e  enough t o  be d e t e c t e d  i n  t h e  
H a l l  e f f e c t  and o p t i c a l  t r a n s m i s s i o n  e x p e r i m e n t s .  
The s a m p l e s  u sed  i n  t h e  e l e c t r i c a l  and  o p t i c a l  e x p e r i m e n t s  w e r e  
d i f f u s e d  f o r  2 4  h o u r s  w i t h  c o b a l t  on b o t h  s i d e s  o f  t h e  w a f e r ,  o r  f o r  t i m e s  
up t o  6 2  h o u r s  w i t h  c o b a l t  on o n l y  one s i d e .  Samples  d i f f u s e d  from one 
s i d e  were u s e d  b e f o r e  t h e  i d e a  of  d i f f u s i r i g  f rom b o t h  s i d e s  o c c u r r e d  t o  
t h e  a u t h o r .  Both d i f f u s i o n  methods l e d  t o  i d e n t i c a l  H a l l  e f f e c t  d a t a  a n d  
o p t  i c a i  t rnnsmiss ion  r e s u l t s  . 
2. D i f J u s i o n  Mechanism 
The t h r e e  f e a t u r e s  of  t h e  p r o f i l e s  t h a t  a r e  most  i n d i c a t i v e  of 
the d i f f u s i o n  mechanism a r e  a s  f o l l o i ~ i s :  
1. The shape  c a n n o t  be d e s c r i h e d  by e i t h e r  a g a u s s i a i i  o r  an  e r r u r  
f u n c t i o n  c u r v e .  
2 .  The p r o f i l e  does  n o t  change s i g n i f i c a n t l y  a f t e r  7 h o u r s  of  diffLislol1 
( F i g .  16 I .  
3 .  The 30-minute and  1-hour  p r o f i l e s  a r e  more rounded t h a n  t h e  p r o f i l e s  
f o r  l o n g  d i f f u s i o n  times ( F i g .  1 7 ' .  
These  t h r e e  o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  p r o f i l e  i s  t h e  r e s u l t  o f  two d i f -  
f u s i o n  mechanisms o p e r a t i n g  s i m u l t a n e o u s l y .  I n  p a r t i c u l a r ,  i t  a p p e a r s  t h a t  
t h e  s t e e p  p a r t  of t h e  p r o f i l e s  i s  due t o  a s u b s t i t u t i o n a l  d i f f u s i o n  mecha- 
nism t h a t  c a r r i e s  a l a r g e  c o n c e n t r a t i o n  of c o b a l t  a t  a v e r y  s low r a t e .  The 
f l a t  p a r t  of  t h e  p r o f i l e s  must be  due t o  i n t e r s t i t i a l  d i f f u s i o n .  These  
h y p o t h e s e s  e x p l a i n  t h e  t h i r d  o b s e r v a t i o n  i n  t h e  f o l l o f i i n g  way. After-  v e r y  
s h o r t  d i f f u s i o n s ,  t h e  i n t e r s t i t i a l  and  t h e  s u b s t i t u t i o n a l  p r o f i l e s  a r e  b o t h  
rounded and t h e i r  sum, which i s  t h e  obse rved  p r o f i l e ,  i s  also rounded .  
A f t e r  a l o n g  d i f f u s i o n ,  t h e  i n t e r s t i t i a l  p r o f i l e  i s  f l a t  and  a c o r n e r  
r e s u l t s  where i t  i n t e r s e c t s  t h e  s u b s t i t u t i o n a l  p a r t  o f  t h e  p r o f i l e .  
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3 .  C o n c e n t r a r i o n  UT CoLaii ~ I I  G;rT 
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The c o b a l t  c o n c e n t r a t i o n  o b t a i n e d  f r o m  t h e  f l a t  p a r t  of a number 
The p l o t s  i n  t h e  f i g u r e  show t h a t  t h e  of p r o f i l e s  i s  shown i n  F i g .  20 .+  
c o n c e n t r a t i o n  depends  on t h e  c r y s r a i  u s e d  fui-  t h e  d f f f u s i s r , ,  IS 1e11 a q  
on  t h e  d i f f u s i o n  t e m p e r a t u r e .  Some p o s s i b l e  e x p l a n a t i o n s  a r e  g i v e n  below.  
THE FL4T PARTS OF THE DIFFUSION 
PROFILES . 
I t  i s  r e a s o n a b l e  t o  e x p e c t  t h a t  t h e  c o b a l t  c o n c e n t r k ,  - i j iL  si iould 
depend on t h e  t i m e  and t e m p e r a t u r e  of  d i f f u s i o n ,  t h e  phosphorus  o v e r p r e s -  
s u r e ,  t h e  i n i t i a l  dop ing  of t h e  c r y s t a l ,  and  t h e  d e n s i t y  of d e f e c t s  i n  
t h e  c r y s t a l .  Any dependence on t i m e  and  on o v e r p r e s s u r e  was e l i m i n a t e d  
1.1;)- d i f f u s i n g  f o r  more t h a n  t h e  7 h o u r s  r e q u i r e d  by t h e  d a t a  i n  F i g .  16  
and  by f i x i n g  t h e  phosphorus  p r e s s u r e  n e a r  1 a t m o s p h e r e .  The t e m p e r a t u r e  
dependence shown i n  F i g .  20 can he  d e s c r i b e d  by t h e  fo rmula  
It i s  i m p o r t a n t  t h a t  t h e  d a t a  i n  F i g .  20 be c o n s i d e r e d  as  c o n c e n t r a t i o n s  
I u c r L ^ I : : - : U  - -L' - - ; - . - .A ., . c:_ n f t - 7 -  . \ : a  ~i .I---- f f l l c inn  I-.. and  n o t  a s  s o l u b i l i t i e s .  
+ 
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where C i s  t h p  r o b a l t  c o n c e n t r a t i o n .  C depends  0 1 1  t h e  p a r t i c u l a r  
c r y s t a l ,  b u t  t h e  a c t i v a t i o n  ene rgy  of  1.1 e V  i s  a c o n s t a n t .  The q u e s t i o n  
t o  be answered  i s  why C v a r i e s  from Sample t o  s ample .  .A compar ison  of  
e x p e r i m e n t a l  da t a  w i t h  c a l c u l a t i o n s  based  on t h e  Shockley-h lo l l  t h e o r y  of  
t h e  e f f e c t s  of  doping  on s o l u b i l i t y  : R e f .  231 shows t h a t  t h e  changes  i n  
C c a n n o t  be  r e l a t e d  t o  t h e  dop ings  of  t h e  c r y s t a l s .  (The compar ison  i s  




must have a r i s e n  from d i f f e r e n c e s  i n  t h e  d e f e c t  c o n c e n t r a t i o n  i n  t h e  
co 
v a r i o u s  samples .  U n f o r t u n a t e l y ,  t h e  only e x p e r i m e n t a l  e v i d e n c e  a v a i l a b l e  
t o  s u p p o r t  t h i s  h y p o t h e s i s  i s  t h a t  p o l i s h e d  p ieces  t a k e n  from t h e  c r y s t a l s  
f o r  which 
l i g h t  t h a n  d i d  p i e c e s  from t h e  o t h e r  c r y s t a l s .  .I q u a l i t a t i v e  r e l a t i o n  
bet 1r.e e n t h e  coba 1 t con ce n t r a  t i o  :I ar, d 1. he de f e c t (20 iic en  T r a  t i o n  cou 1 d po s - 
sibly be o b t a i n e d  from d i s l o c a t i o n  e t c h  s t u d i c s  and  l a t t i c e  c o n s t a n t  
measurements  [ i le f .  2 4 1 .  
was l a r g e s t  a p p e a r e d  less  p e r f e c t  when viewed b y  t r a n s m i t t e d  
Co 
R a d i o t r a c e r s  have beer! used as ;I to31 t o  2eYb-c.lol; d method of p r e p a r i n g  
GaP samples  t h a t  c o n t a i n  a known c o b a l t  c o n c e n t r a t i o n .  I t  i s  conc luded  
t h a t  c o b a l t  d i f f u s e s  b o t h  s u b s t i t u t i c ~ i i c t l l j  ~ t n u  i i i t e r s t i t i a l l y  . T h e  i n t c ~ - -  
s t i t i a l  d i f f u s i o n  g i v e s  t h e  l o n g  f l a t  p a r t  o f  t h e  d i f f u s i o n  p r o f i l e .  The 
c o n c e n t r a t i o n  i n  t h e  f l a t  p a r t  of  the p r o f i l e  depends  on b o t h  t h e  d i f f u -  
s i o n  t e m p e r a t u r e  and  t h e  c r y s t a l  usec!. The dependence of t h e  c o b a l t  
s o l u b i l i t y  on c r y s t a l  p e r f e c t i o n  i s  s u g g e s t e d  as an  a r e a  f o r  f u t u r e  work.  
H a l l  e I f e c t  and r e s i s t i v i t y  measurements  were i.ised t o  d e t e r m i n e  t h e  
e l e c t r i c a l  p r o p e r t i e s  of cobal t -doped  Gap. The measurements  r e q u i r e d  
t h e  u s e  of' s p e c i a l  h i g h - r e s i s t a n c e  measur ing  equ ipmen t .  
A .  EXPERIblENTAL EQU IPLIENT 
P r e l i m i n a r y  measurements  showed t h a t  t h e  equipment  u s e d  t o  measure 
t h e  Hall e f f e c t  and  r e s i s t i v i t y  of t h e  s u l f u r - d o p e d  c r y s t a l s  was n o t  
s u i t a b l e  f o r  measurements  on coba l t -doped  s a m p l e s .  N e i t h e r  t h e  e l e c t r i -  
c a l  i n s u l a t i o n  n o r  t h e  t empera tu re  c o n t r o l  n o r  t h e  s h i e l d i n g  were a d e -  
q u a t e  f o r  measurements  on h i g h - r e s i s t a n c e  s a m p l e s .  
S u i t a b l e  Hall e f f e c t  equipment  was assembled  and i s  shown i n  F i g s .  
I 
2 1  t h r o u g h  2 4 .  A K e i t h l e y '  e lectrometer  (Model 610 B R )  was used  t o  mea- 
s u r e  t h e  r e s i s t i v i t y  and  H a l l  v o l t a g e s .  A microvol t -ammeter  w i t h  f u l l -  
s c a l e  r a n g e s  from 10 p icoamperes  t o  100 m i l l i a m p e r e s  was u s e d  t o  measure 
t h e  sample c u r r e n t .  The c u r r e n t  b u u r c e ,  n u l l i n g  s o u r c e ,  a n a  x i 1  ul' iiie 
s w i t c h i n g  equipment  were mounted on a p l e x i g l a s s  c h a s s i s  which was en-  
c l o s e d  i n  a w e l l - s h i e l d e d  box. .As much a s  p o s s i b l e  of t h e  u . i r i ng  was 
i n s u l a t e d  w i t h  ' I ' e I ion .  The ~~~~~~~i~~~~ i ~ v r ; i - t  c t ~ s c c  f s y  th:i:- h i m h  n-- Inolrsge 
r e s i s t a n c e .  The l e a k a g e  r e s i s t a n c e  of t h e  comple t e  a s s e m b l y ,  i n c l u d i n g  
c o n n e c t o r s  and  c a b l i n g ,  \vas g r e a t e r  t h a n  10 ohms. 
13 
The method of  t e m p e r a t u r e  c o n t r o l ,  based  on t h e  p r i n c i p l e  of  b a l a n c i n g  
t h e  h e a t  loss f rom t h e  sample b l o c k  w i t h  h e a t  s u p p l i e d  by a nichrome 
h e a t e r ,  p e r m i t t e d  measurements a t  t e m p e r a t u r e s  f rom 77 t o  420 O K .  The 
u p p e r  l i m i t  was set  by t h e  s o f t e n i n g  t e m p e r a t u r e  of  t h e  epoxy u s e d  t o  h o l d  
t h e  h e a t e r  i n  p l a c e .  The ra te  o f  t e m p e r a t u r e  change  a t  any  s p e c i f i e d  t e m -  
p e r a t u r e  w a s  a b o u t  2 deg  p e r  10 m i n u t e s .  The main e x p e r i m e n t a l  p roblem 
a s s o c i a t e d  w i t h  t h e  t empera tu re  c o n t r o l  was s e a l i n g  t h e  o u t e r  can  i n  
p l a c e  (see F i g .  2 3 " .  The most e f f e c t i v e  method of  s e a l i n g  was t o  s o l d e r  
t h e  can  i n  p l a c e  w i t h  a low-melt ing t e m p e r a t u r e  s o l d e r  such  a s  Cerro-  
Bend. I lowe~ver,  even  t h i s  method u s u a l l y  r e q u i r e d  a number of  t r i es  
b e f o r e  a n  a d e q u a t e  vacuum s e a l  was o b t a i n e d .  
* 
+ * K e i t h l e y  I n s t r u m e n t s ,  I n c . ,  C l e v e l a n d ,  Oh io .  Cerro-Bend,  c /o  Peck L o u i s  C o r p . ,  Los A n g e l e s ,  C a l i f o r n i a .  
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FIG. 21. THE HALL EFFECT APPARATUS USED TO MEASURE HIGH-RESISTANCE 
SAMPLES. 
FIG. 22. DETAILS OF THE SAMPLE MOUNT USED FOR HIGH-RESISTANCE SAMPLES. 
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F I G .  23.  SCHEMATIC DIAGRAM OF THE HALL E F F E C T  APPARATUS.  
5 
T 
1 m m  
F I G .  24.  T Y P I C A L  HALL BAR MOUNTED ON A TO-5  HEADER. 
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The t e s t  samples were b a r s  a p p r o x i m a t e l y  3 by  1 by 0 . 5  mm mounted on  
TO-5 t ra r l s i s tor  h e a d e r s .  The b a r s  were p r e p a r e d  by f i r s t  l a p p i n g  a t  
l e a s t  60 microns  of f  e a c h  f a c e  of  a d i f f u s e d  spec imen .  
z i n c  c o n t a c t s  were e v a p o r a t e d  and t h e n  a l l o y e d  o n t o  t h e  b a r s .  F i n a l l y ,  
t h e  b a r s  were t e m p o r a r i l y  mounted on t h e  h e a d e r s  and  s i x  1 - m i l  w i r e s  w e r e  
bonded t o  t h e  a l l o y e d  c o n t a c t s .  The p r imary  r e a s o n s  f o r  bonding  t h e  w i r e s  
t o  t h e  samples  were t h a t  t h e  bonding  p r o c e s s  i s  i n t r i n s i c a l l y  c l e a n  and  
t h a t  t h e  a v a i l a b l e  bonding  equipment  was w e l l  s u i t e d  t o  h a n d l i n g  s m a l l  
d e l i c a t e  samples .  When t h e  bonding  was c o m p l e t e ,  t h e  b a r s  w e r e  l i f t e d  
from h e a d e r s  and suspended  on t h e  1 - m i l  w i r e s .  T h i s  l a s t  s t e p  was p e r -  
formed so t h a t  t h e  b a r  c o u l d  n o t  be s h o r t e d  o u t  by c o n t a c t  w i t h  t h e  s u r -  
f a c e  of  t h e  h e a d e r .  The f i n i s h e d  samples  were q u i t e  s t u r d y  and c o u l d  be 
e a s i l y  h a n d l e d .  
Next ,  gold-2$ 
The u s e  o f  t h e  t r a n s i s t o r  h e a d e r s  was t h e  ma jo r  compromise i n  t h e  
equ ipmen t .  I n  o r d e r  t o  u s e  t h e  bonding  equipment  i t  was n e c e s s a r y  t o  use 
t h e  h e a d e r s .  Also,  t h e  h e a d e r s  make R very  s a t i s f a c t o r y  h i g h - r e s i s t a n c e  
mount .  T h c  disadvantage of  h e a d e r s  i s  t h a t  t h e y  c o n t a i n  l t o v a r  which i s  
f e i - r o m a g n e t i c .  hleasurements  i n  t h e  magnet u s e d  f o r  t h e  H a l l  e f f e c t  work 
showed t h a t  t h e  p r e s e n c e  of t h e  h e a d e r  d i s t o i . t e d  t h e  r i e l d  enough t o  
c a u s e  about  a 10 -pe rcen t  i n c r e a s e  i n  t h e  f i e l d  a t  t h e  sample .  T h i s  i n -  
c r e a s e  i n  t h e  magnet ic  f i e l d  meant t h a t  t h e  measured H a l l  c o e f f i c i e n t  had 
t o  be m u l t i p l i e d  by  some f a c t o r  t o  o b t a i n  t h e  c o r r e c t  H a l l  c o e f f i c i e n t .  
S i n c e  t h i s  f a c t o r  c o u l d  n o t  be de t e rmined  a c c u r a t e l y ,  t h e  H a l l  e f f e c t  
d a t a  o b t a i n e d  u s i n g  t h e  h e a d e r s  w e r e  i n  e r r o r .  However, because  t h e  
n e c e s s a r y  c o r r e c t i o n  was m u l t i p l i c a t i v e ,  t h e  i n c r e a s e  i n  t h e  f i e l d  d i d  
n o t  a f f e c t  any  r e s u l t  t h a t  depended o n  t h e  r a t i o  of  two H a l l  c o e f f i c i e n t s .  
S i n c e  t h e  c o b a l t  i o n i z a t i o n  e n e r g y  i s  c a l c u l a t e d  from t h e  r a t i o  of  H a l l  
c o e f f i c i e n t s  ( s ee  S e c t i o n  V . D 1 ) ,  t h e  h e a d e r s  d i d  n o t  s e r i o u s l y  i n t e r f e r e  
w i t h  t h e  main purpose of t h e  measurement .  
B .  RESULTS O F  HALL AND RESISTIVITY hlEASUKEMENTS 
The r e s u l t s  o f  a number o f  H a l l  e f f e c t  a n d  r e s i s t i v i t y  measurements  
on coba l t -doped  GaP a r e  summarized i n  F i g .  2 5 .  The d a t a  p o i n t s  a r e  f rom 
t w o  s a m p l e s ,  each  o f  which  c o n t a i n e d  6 >( 10 c m  s u l f u r  and  9 -- 10 c m  
c o b a l t  a toms .  H a l l  measurements  made on  a number of  samples  w i t h  v a r i o u s  
1 6  -3 16  -3 





5 - FIG. 25 .  HALL COEFFICIENT .4ND RE- 
Gap. Samples 1 and 2 a r e  d e s i g -  
n a t e d  b y  X and 0 ,  r e s p e c t i v e l y .  
SISTIVITY DATA FOR COBALT-DOPED 9 
c o m b i n a t i o n s  of c o b a l t  and s u l f u r  d o p i n g s  showed t h a t  t h e  d a t a  i n  F i g .  25 
c o u l d  be a t t r i b u t e d  t o  a c o b a l t  i m p u i . i i g  I e ~ e l .  Thc slgr,  cf t h e  E . l l  
c o e f f i c i e n t  showed t h a t  c o b a l t  a c t s  a s  an  a c c e p t o r .  
H a l l  m o b i l i t y  c a l c u l a t e d  from t h e  d a t a  i n  F i g .  2 3  is siiown i n  F i g .  
26.  A s  e x p e c t e d ,  t h e  v a l u e s  a r e  somewhat less t h a n  t!:i:SC i ? i ) < > ? , L e d  by  
A l l e n  [ R e f .  251 f o r  l ess  h e a v i l y  compensated Gap. 
C .  COBALT I O N I Z A T I O N  ENERGY 
The c o b a l t  i o n i z a t i o n  ene rgy  i s  c a l c u l a t e d  from t h e  H a l l  e f f e c t  
d a t a  t h r o u g h  t h e  u s e  of Fermi s t a t i s t i c s  and t h e  p r i n c i p l e  of c h a r g e  
n e u t r a l i t y .  The f i r s t  s t e p  i n  t h i s  c a l c u l - a t i o n  i s  t o  r e l a t e  t h e  s l o p e  
of t h e  p l o t s  i n  F i g .  25 t o  the 1.ocat ion of t h e  Fermi l e v e l .  T h i s  s t e p  i s  
accompl i shed  i n  t h e  f o l l o w i n g  way. The c o n c e n t r a t i o n  of h o l e s  p i s  
r e l a t e d  t o  t h e  H a l l  c o e f f i c i e n t  by  i n e  appi-oxlmate relatien 
( 5 . 1 '  
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F I G .  2 6 .  HALL MOBILITY OF HOLES I?, CGBL\I,T-UOPEIl G d F  
Samples 1 and  2 a re  d e s i g n a t e d  bj- S and 0 ,  
r e s p e c t i v e l y .  
where q i s  t h e  e l e c t r o n i c  c h a r g e .  The c o n c e n t r a t i o n  of n o ? ~ s  i s  a l s o  
g i v e n  by 
where ?! i s  t h e  d e n s i t y  of s t a t e s  i n  the valence band and  E i s  t h e  
V F 
which c o n t a i n s  
V ’  
Fermi e n e r g y  measured from t h e  v a l e n c e  band. When Y 
t h e  f a c t o r  T 3 I 2 ,  i s  w r i t t e n  as  
3 ,’2 
N V  = N‘T ( 5 . 3  v 
E q .  ( 5 . 2 ,  becomes 
E 
p = NtT3/” v 
e x p  ( - 2) kT (5.4 
\ t h e m  t h e .  only t empera ture-dependent  tern on tlie l i g h t  s i d e  i s  the expo- 
nential, T o g e t h e r  E q s .  (5.1) and (3.5 y i e l d  
I _  
R T3 = c 
H 
(5.6 1 
iviiei,e a l l  of tlie t e m p e r a t u r e - i n i ? c p ~ n d e l l t  terms have been L:onbiiied i n t o  C .  
Tnkiiig l o g a r i t h m s  g i v e s  
S 
( 5 . 8  
3 . 9 
T h e  d i f f e r e n t i a l  equation y i e l d s  
- 413 - SEL-66-087 
The v a l u e  of Eo deduced from F i g .  25 i s  0 . 4 1  e V .  The v a l u e  of 
p c a n n o t  be d e t e r m i n e d  f rom t h e  d a t a ;  t o  show t h i s ,  l e t  us t r y  to c a l -  
c u l a t e  p from t h e  300 "K H a l l  d a t a .  From F i g .  25 t h e  h o l e  d e n s i t y  a t  
F 
300 O K  i s  
( 5 . 2 )  f o r  
12 -3 
about  2 X 10 c m  . The 
p = 2 x 1 0  c m  and  
12 -3 
v a l u e  o f  
F 
E c a l c u l a t e d  from 
18 -3 = 10 19 ? 2 ,I 10 em ( 5 . d  
NV 
i s  
= 0 . 4 0  e V  I 20  m e V  . 
EF 
Hence, t h e  va lue  of  f5 i s  
(5.12) 
( 5.13 '1 
C l e a r l y ,  f! i s  l o s t  i n  t h e  u n c e r r a i n t h -  i n  t h e  v a l u e  o f  N . Notice that 
the c a l c u l a t i o n  d o e s  show t h a t  i s  small and he11ce t h a t  E i s  ne:irl>- 
v 
F 
e q u a l  t o  E;. 
Because of t h e  c h e m i c a l  d o p i n g  of t h e  samples  whose d a t a  are shown 
i n  F i g .  2 5 ,  t h e  Fermi e n e r g y  of 0.41 eV i s  very c l o s e  t o  t h e  i o n i z a t i o n  
e n e r g y  of c o b a l t .  The e x a c t  r e l a t i o n  i s  c a l c u l a t e d  u s i n g  t h e  p r i n c i p l e  
of c h a r g e  n e u t r a l i t y ,  which r e q u i r e s  t h a t  
- + 
p + N d = N  + n  A 
( 5 . 1 4 )  
In E q .  ( 5 . 1 4 ) ,  p and  n a r e ,  r e s p e c t i v e l y ,  t h e  c o n c e n t r a t i o n s  of  h o l e s  
a n d  e l e c t r o n s ,  N i s  t h e  c o n c e n t r a t i o n  of p o s i t i v e  d o n o r s ,  and  X i s  
t h e  c o n c e n t r a t i o n  of n e g a t i v e l y  c h a r g e d  a c c e p t o r s .  S i n c e  i n  p- type G a p ,  
+ - 
d A 
+ N = N  (5.15, 
d d '  n -  P and  
'These v a l u e s  of N V  were c a l c u l a t e d  f o r  h o l e  e f f e c t i v e  masses of 0 . 5  
t o  0 . 7  t i m e s  t h e  f r e e  e l e c t r o n  mass. 
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17r!. ( 5 . 1  5 1 m2>7 be s i r n u l i f i e d  t o  
- 
(5.16 
d '  
p = N  - N  
A 
!\-here N is the t,ot;al d o n o r  c o n c e n t r a t i o n .  When t h e  c o b a l t  and  s u l f u r  
c o n c e n t r a t i o n s  a re  i n s e r t e d ,  E q .  
d 
(5.16) becomes 
1 6  16 
p - z - 9  10 f - 6 . 6 1 0  , (5.17) 
(5.18' 
and 
and y are, r e s p e c t i v e l y ,  t h e  i o n i z a t i o n  e n e r g y  and  
EA 
T h e  q u a n t i  t i e s  
t h e  degene racy  f a c t o r  of the c o b a l t  l e v e l .  With t h e  Fermi l e v e l  a t  
, . - A  a. -1.- ,",?l,-,->c .7 m o , , ~ l < < T + ; 7 1 c l  16 -3  
C l j l U  111 ,,\ ,..- ._.-- __-. I . I . - -  * ? ~ - . .  r , 7 n  2.4; e v ,  1J I I ? U L 1 1  1 C 3 3  L l l c Z J l  W ~ I V  ~ i i i  . > - - I = , - - - -  
contribution t o  the c o n c e n t r a t i o n  of posi t i \ :e  charges. When p is 
n e g l e c t e d ,  ~ q .  (5.1.7 liecomes 
'5.30 
16 16 
9 ' 1 0  € = 6 x l @  . 
The  s o l u t i o n  t o  this e q u a t i o n  i s  
o r ,  t o  u i t h i n  r h c  accuracy of t h e  data, 
E '  = 0.41 ev . (5.22, A 
V I .  OPTICAL TRAKSMISSION 
O p t i c a l  t r a n s m i s s i o n  measurements  were pe r fo rmed  t o  d e t e r m i n e  t h e  
d - s h e l l  s t r u c t u r e  of c o b a l t  i m p u r i t i e s  i n  Gap. Both  n- tJ-pe and  p - type  
GaP w e r e  s t u d i e d .  
A .  EXPERIMENTAL EQUIPMENT 
O p t i c a l  t r a n s m i s s i o n  measurements  Were made a t  77 'K and 300 'K i n  
a Caryt model 1 4 I R  r e c o r d i n g  s p e c t r o p h o t o m e t e r  a t  w a v e l e n g t h s  between 
0.581 and 3 . 0  ~. The samples  were e i t h e r  t h i n  s i n g l e  c r y s t a l s  o r  t h i c k  
p o l y c r y s t a l s  of GaP c o n t a i n i n g  c o b a l t .  The s i n g l e - c r y s t a l  spec imens  
were p i e c e s  of  e p i t a x i a l  GaP a p p r o x i m a t e l y  3 mm by 2 mm by 0 . 5  mm. The 
o p t i c a l  p a t h  was e i t h e r  t h r o u g h  t h e  3 mrn by 2 m i  r a c e s  { f i . 5 - m m  p a t h  
l e n g t h '  o r  t h rough  t h e  3 mm by 0 . 5  mm f a c e s  ( p a t h  l e n g t h  of' 2 mm". The 
l a t t e r .  o r i e n t a t i o n  w a s  used  whenever 3 long o p t i c a l  p a t h  was needed .  
The s i n g l e - c r y s x a l  samples  were d i t f u s e d  a t  1200 - C .  
* 
€3. RESU1,TS OF OPTICAL MEASURE?IIENTS 
Two d i s t i n c t  t y p e s  of  s p e c t r a  were s e e n .  The f i r s t  o c c u r r e d  i n  
c r y s t a l s  i n  which t h e  Fermi l e v e l  ivas a t  o r  ab0x.e t h e  0.41-eV c o b a l t  
l e v e l .  The second was s e e n  i n  c r y s t a l s  whose Fermi l e v e l s  w e r e  below 
t h e  c o b a l t  l e v e l .  
The spec t rum shown i n  F i g .  27 i s  t y p i c a l  of  t h o s e  measured on samples  
i n  which t h e  c o b a l t  a c c e p t o r s  w e r e  i o n i z e d .  The f e a t u r e s  of t h e  spec t rum 
i n d i c a t i v e  of t h e  d - s h e l l  s t r u c t u r e  a r e  t h e  d e c r e a s e s  i n  t r a n s m i s s i o n  
a round  0.8:s and between 1.151 and 1 .3 . : .  The d e c r e a s e s  i n  t r a n s m i s s i o n  
a r e  more e v i d e n t  i n  t h e  spec t rum of a t h i c k  p i e c e  o f  p o l y c r y s t a l l i n e  
m a t e r i a l  as shown i n  F i g .  2 8 .  
I n  F i g .  29  the  enhanced  a b s o r p t i o n s  i n  t h e  0 .8~1 and  1.2~; r e g i o n s  a re  
shown s e p a r a t e d  from t h e  background.  The spec t rum i n  t h i s  f i g u r e  i s  t h e  
r e s u l t  of a v e r a g i n g  a number o f  p l o t s  l i k e  t h e  one shown i n  F i g .  2 7 .  The 
a b s o r p t i o n s  shown i n  F i g .  29 w e r e  s e p a r a t e d  from t h e  background i n  t h e  
~ 
t 
+ Cary I n s t r u m e n t s ,  App l i ed  P h y s i c s  C o r p . ,  Monrovia ,  C a l i f o r n i a .  The p o l y c r y s t a l l i n e  samples  w e r e  p r o v i d e d  by J .  \ V .  .Al len.  
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F I G .  2 9 .  ABSORPTIO?; WTER BICKGROUUD HAS BEEY 
SUBTRACTED VS WAVE liiiiiiiiiiiiiiiiiiiiBER FOR COB4LT-DOPED 
GaP h A F E R S .  4 v ~ ~ a g e  la l i ie l s  oh t - i i ned  from 
s e v e r a l  samples  a r e  shown. 
f o l l o w i n g  way. The t r a n s m i s s i o n  c u r v e s  were e x t r a p o l a t e d  by eye  i n t o  thc 
0 . 8 . :  and 1.251 r e g i o n s  a s  i n d i c a t e d  i n  F i g .  2 7 .  A n  a b s o r p t i o n  spec t rum was 
c a l c u l a t e d  from t h e  r a t i o s  of a c t u a l  t r a n s m i s s i o n s  t o  t h e  e x t r a p o l a t e d  
t r a n s m i s s i o n s .  The method a u t o m a t i c a l l y  c o r r e c t s  f o r  r e f l e c t i o n  and foi ,  
sample geometry .  T h i s  method w a s  u sed  because  i t  was t h e  only e x p e r i -  
m e n t a l l y  f e a s i b l e  t e c h n i q u e  and because  t h e  l o c a t i o n  of t h e  a b s o r p t i o n  
peaks  was more i m p o r t a n t  t h a n  t h e  e x a c t  shape  of t h e  spec t rum.  The a l -  
t e r n a t i v e  method o f  e l i m i n a t i n g  background w i t h  t h e  u s e  of a sample of 
GaP i n  t h e  r e f e r e n c e  beam of t h e  s p e c t r o m e t e r  was n o t  u sed  because  t h e  
b road  f e a t u r e s  a s  w e l l  a s  t h e  s t r u c t u r e  of t h e  spec t rum of c o b a l t - d o p e d  
GaP depend on t h e  p r e s e n c e  of t h e  c o b a l t .  
A t y p i c a l  spec t rum of l o w - r e s i s t a n c e  p - type  samples  c o n t a i n i n g  b o t h  
z i n c  and c o b a l t  i s  shown i n  F i g .  30. The spec t rum of t h e  z inc-doped  
c r y s t a l  ( Z n l  of C h a p t e r  111) w i t h o u t  c o b a l t  i s  i n c l u d e d  f o r  r e f e r e n c e .  
The s p e c t r a  were e x t e n d e d  t o  6 u  w i t h  an i n f r a r e d  s p e c t r o m e t e r .  These  
s p e c t r a  a r e  d i s c u s s e d  i n  S e c t i o n  C . 2 .  
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C .  D I S C U S S I O N  OF THE OPTICAL DATA 
GzP c r ~ ; s t a l l 1 7 e s  i n  t h e  7 i n c  b l e n d e  s t r u c t u r e .  S i n c e  b o t h  t h e  sub-  
.;? i t i ! t i o n a l  s i t e s  and t h e  i n t e r s t i t i a l  s i t e s  i n  t h a t  s t r u c t u r e  have  t e t -  I 
r a h e d r a l  symmetry, t h e  d i f f u s e d  c o b a l t  i m p u r i t i e s  were on s i t e s  w i t h  
t e t r a h e d r a l  symmetry. The group t h e o r e t i c  p r o p e r t i e s  o f  t h e  t e t r a h e d r a l  
g roup w e r e  g i v e n  i n  T a b l e s  I, 2 ,  and 5 01 C h a p t e r  II. In  he i u l i u h i n g  I 
n 
s e c t i o n ,  dn i s  i ised a s  s h o r t h a n d  f o r  "d c o n f i g u r a t i o n  w i t h  all o t h e r  I 
s h e l l s  c l o s e d .  " 
I 
1. F i l l e d  C o b a l t  L e v e l s  I 
The a b s o r p t i o n s  shown i n  F i g .  29 can  be f i t t e d  t o  t h e  c r ; v s t a l  
f i e l d  l e v e l s  o f  a d i o n  a t  t h e  c e n t e r  of  a t e t r a h e d r o n  o f  n e g a t i v e  
c h a r g e s .  The v a l u e s  of t h e  o s c i l l a t o r  s t r e n g t h s  a r e  i n  t h e  r ange  re- 
p o r t e d  f o r  c o b a l t  on t e t r a h e d r a l  s i t e s  [ R e f .  21. The spec t rum g i v e n  i n  




The t h e o r e t i c a l  spec t rum of d i n  a t e t r a h e d r a l  f i e l d  was d i s -  
c u s s e d  i n  C h a p t e r  1 1 ,  S e c t i o n  C 2 .  The e s s e n t i a l  p o i n t s  of t h a t  d i s c u s -  
s i q n  are r e p e a t e d  be low.  The ground s t a t e  of  a d7 i o n  j-n f r e e  s p a c e  
w i t h  all shells e x c e p t  t h e  d s h e l l  c l o s e d  i s  a F c o n f i g u r a t i o n .  
4 
4 
I!, <; iaFtrah12dral ;;.?Id F s p l i t s  i n t c .  
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q u a r t e t  l e v e l  i n  t h e  e i g e n v a l u e  scheme f o r  d i s  a P l e v e l  which  i s  
n o t  s p l i t  b y  the  c r y s t a l  f i e l d ;  i . e . ,  
i s  t h e  ground s t a t e  o f  t h e  s p l i t  l e v e l s .  The o n l y  o t h e r  
7 4 
4 4 
P +  T 1 .  
4 
The s p i n  and  symmetry a l l o w e d  t r a n s i t i o n s  a r e  f rom t h e  
4 
t o  t h e  4 T 7  j 4 F \  l e v e l  and  t o  t h e  T i ( 4 P \  l e v e l .  The f i t  o f  t h e  31)- 
s o r p t i o n s  shown i n  F i g .  2 9  t o  t h e s e  two l e v e l s  i s  shonn i n  Fig. 31. Tiio 
p a r a m e t e r s ,  Dq/B and B ,  are used  i n  t h e  c a l c u l a t i o n s .  The b e s t  f i t  
i s  f o r  1 . 8  D q ' B  2 . 1  and  2 7 5  B 3 0 5  c m  . 
A2 ground s t a t e  
-1 
- - - -  
16000, 1 2  OeV 
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F I G  . 3 1 . THE QU 4RTET TETRrZHELllLAL 
F I E L D  LEVELS A R I S I S G  FROM 3d7 
TRUM TO THEM. Dashed l i n e s  i n d i -  
c a t e  approx ima te  p o s i t i o n s  o f  
some d o u b l e t  l e v e l s .  
. Ih J  THE F I T  O F  THE OBSERVED SPEC-  
-1 
Some of t h e  s t r u c t u r e  on t h e  a b s o r p t i o n  c e n t e r e d  a t  1 2 , 2 5 0  c m  
4 4  
i s  p r o b a b l y  due t o  s p i n - o r b i t  mix ing  of t h e  
l e v e l s .  The approximate  p o s i t i o n s  of some of  t h e  d o u b l e t s  a r e  shown on 
F i g .  31. The p r e c i s e  l o c a t i o n s  of  t h e  d o u b l e t s  depend on t h e  v a l u e  of  t h e  
T I (  P )  l e v e l  w i t h  d o u b i e t  
S E L - 6 6 - 0 8 7  - 50 - 
n..nol-. -- ,7--mn+n,- ~ , - ~  -...--- ^ C .  T ~ D  r i i I i ~ . e  ~ > f  r r?,? 59 de+ermimn~d nhcerTTing  f n r -  
b i d d e n  L r a n s i t i o i i s  t o  d o u b l e t  l e v e l s .  Siich t r a n s i t i o n s  have not been 
s e e n  i n  t h i s  work because  o f  t h e  l o a  c o b a l t  c o n c e n t r a t i o n .  The s p i n - o r b i t  
mix ing  e n e r g y  between any  of  t h e  d o u b l e t  l e v e l s  and  t h e  
i s  of  t h e  o r d e r  of t h e  s p i n - o r b i t  i n t e r a c t i o n  p a r a m e t e r  :, f o r  t h e  f ree  
c o b a l t  atom [Kef .  6 ,  p .  771, which i s  a p p r o x i m a t e l y  540 c m  [ R e f .  7 ,  
p .  4371. Hence,  by p e r t u r b a t i o n  t h e o r y ,  t h e  d o u b l e t  l e v e l s  w i t h i n  2000 
c m  or 2500 c m  of  t h e  q u a r t e t  l e v e l  shou ld  be q u i t e  s t r o n g l y  mixed 
w i t h  t h a t  l e v e l .  The de ta i1 . s  of t h e  mix ing  c a n n o t  be c a l c u l a t e d  u n t i l  
t h e  v a l u e  of  C i s  known. I t  i s  p o s s i b l e  t h a t  some of t h e  s t r u c t u r e  on 
t h e  a b s o r p t i o n  peak  i s  also due t o  i n t e r a c t i o n s  between c o b a l t  a toms and 
GaP phonons .  
4 




The above d i s c u s s i o n  r a i s e s  t h e  p o s s i b i l i t y  tha t .  t h e  t o t a l  s p i n  
S i s  n o t  a good quantum number f o r  c o b a l t  i n  Gap. The v a l u e  of R for 
t h e  t r a n s i t i o n  i n e t a l s  i n  f r e e  s p a c e  arid i i ;  the  - ' - - T  s t a l s  stu:?icd prcvio:isl:: 
i c  q c .  ~ ~ Y T P  n* l=>-rrov +'nnr, the T ; : ~ ~ . ~ . ~  21 t h e  free enir , -or-hi+ i n + ? - -  
P - - -  A U  u y  '..&LbL VI l*.yII 
a c t i o n  p a r a m e t e r  [ R e f .  7 ,  p .  4 3 7 ;  R e f .  2 1 .  F o r  c o b a l t  i n  GaP t h e  v a l u e  
of B i s  less t h a n  60 p e r c e n t  of t h e  f r e e  i o n  s p i n - o r b i t  i n t e r a c t i o n  
p a r a m e t e r .  Hence o r b i t  e f f e c t s  siiould be more imDor tan t  i n  t h e  spec t rum 
of  coba l t -doped  GaP t h a n  i n  t h e  s p e c t r a  s i l i d i e d  p r e ; - i o u s l y .  T h e  m a t r i x  
e l e m e n t s  a . i th  s p i n - o r b i t  e f f e c t s  i n c l u d e d  a r e  n v a i l a h l e  f o r  1 he c>l.osed- 
s h e l l  d' c o n f i g u r a t i o n  : K e f .  261 . Energy,  l e v e l  s c h e r : ~ ~  < a l r .c i la?ed  from 
t h e  m a t r i c e s  c o n f i r m  t h e  t r a n s i t i o n  d s s i g n m e n t s  a l r e a d b  n iad  
j u s t i f y  t h e  u s e  of  S a s  a good quantum number. The comple t e  m a t r i c e s  
canno' be u s e d  p r o f i t a b l y  f o r  a q u a n t i t a t . i v e  a r a l y s i s  u n t i l  t h e r e  i s  
enough data t o  d e t e r m i n e  B ,  C ,  Dq, and '1. 
7 
' : j i c r c f o r e  
4 4 /4 S p i n - o r b i t  s p l i t t i n g  of t h e  A,? and t h e  T1\ P '  l e v e l s  them- . 
s e l v e s  was a p o s s i b l e  e x p l a n a t i o n  of  t h e  s t r u c t u r e  on t h e  u p p e r  p e a k .  
C a l c u l a t i o n  shows t h a t  t h e  .A l e v e l  i s  n o t  s p l i t .  The s p l i t t i n g  of 
t h e  -T ('PP) l e v e l ,  which depends on t h e  v a l u e  o f  Dy IB, i s  shown i n  
Fig. 3 2 .  I n  t h e  r e g i o n  from Dq/B  I 1 . 8  t o  2,1, t h e  s p l i t t i n g  shou ld  






le1c.l 1s also sho!+i.? in F i g .  3 2 .  For 1 . 8  Dq B - 2 . 1 ,  t h p  splitting 




FIG. 3 2 .  TOTAL SPIN-ORBIT SPLITTING I N  UNITS OF : FOR THE 
-1 
c e n t e r e d  at 8200  c m  . Because thc, peak \vas s o  u.eak, such a w i d t h  n s -  
s ignment  i s  t e n t a t i v e .  
7 
J conf igu i ' a t i o i l  i s  tile u i i l )  il" ioiif igii l-aticji i  fol .  iGii ic i i  
f i t  i s  p o s s i b l e .  The c l o s e d - s h e l l  r e s t r i c t i o n  may be r e l a x e d  t o  a l l o w  
the p r e s e n c e  of a s i n g l e  s e l e c t r o i l  (ss, for i n s t a n c e  i. ~ 1 i e  pi'ese.rlt.c 
of a n  u n p a i r e d  s e l e c t r o n  would i n c r e a s e  t h e  t o t a l  s p i n  S of  a con 
f i g u r a t i o n  b u t  would n o t  change the v a l u e  of L and  hence  would riot 
a f f e c t  t h e  c r y s t a l  f i e l d  s p l i t t i n g s .  llowever t h e  spec t rum for. an i o n  
w i t h  a p a r t i a l l y  f u l l  p s h e l l  a s  a c l l  a s  a p s r t i a l l y  full ti she l l  
would p r o b a b l y  be q u i t e  d i f f e r e n t  from t h a t  p r e d i c t e d  f o r  a d con- 
f i g u r a t i o n .  T h e  m a t r i x  e l e m e n t s  needed  t o  c a l c u l a t e  t h e  l e v e l  schemes 
f o r  such  i o n s  a r e  n o t  a v a i l a b l e .  O v e r a l l ,  i t  a p p e a r s  t h a t  t h e  o b s e r v e d  
spec t rum shou ld  b e  a t t r i b u t e d  t o  a d c o n f i g u r a t i o n  w i t h  all s h e l l s ,  
e x c e p t  p o s s i b l y  s s h e l l s ,  c l o s e d .  
7 
7 
2 .  Empty Coba l t  L e v e l s  
The spectrum ( F i g .  30)  of l o w - r e s i s t a n c e  p - type  G a P  c o n t a i n i n g  
z i n c  and c o b a l t  i s  n o t  u n d e r s t o o d .  I t  c a n n o t  be e x p l a i n e d  i n  t e r m s  of 
e i t h e r  a d c o n f i g u r a t i o n  o r  a d '  c o n f i g u r a t i o n .  A p o s s i b l e  e x p l a n a -  
t i o n  i s  t h a t  t h e  spec t rum i s  due t o  a c o n f i g u r a t i o n  w i t h  b o t h  open d 
and  open p s h e l l s .  The i n c r e a s e  i n  a b s o r p t i o n  from a b o u t  3 .11  t o  the 
band edge  may b e  due t o  t r a n s i t i o n s  from d i f f e r e n t  p a r t s  of t h e  v a l e n c e  
?.. 6 
SEL-66-087 - 52 - 
band t o  
known, 
t i o n  a t  
c o b a l t  
t h e  c o b a l t  l e v e l .  S ince  the  shape  
h i s  i d e a  c a n n o t  be d i s c u s s e d  q u a n t  
3.15~1 i s  a t  t h e  c o r r e c t  ene rgy  f o r  
m p u r i t y  l e v e l s .  
of t h e  GaP v a l e n c e  band i s  n o t  
t a t i v e l v .  The s h a r p  a b s o r p -  
a t r a n s i t i o n  from z i n c  t o  
D . SUMhlARY OF OPTICAL WORK 
S t r u c t u r e  i n  t h e  a b s o r p t i o n  spec t rum of GaP c o n t a i n i n g  f u l l  c o b a l t  
a c c e p t o r s  h a s  been  a t t r i b u t e d  t o  t r a n s i t i o n s  w i t h i n  t h e  c o b a l t  d s h e l l .  
I t  h a s  been de te rmined  t h a t  t h e  d s h e l l  c o n t a i n s  seven  e l e c t r o n s  and 
t h a t  t h e  c o b a l t  i s  a t  t h e  c e n t e r  of a t e t r a h e d r o n .  I t  a p p e a r s  t h a t  when 
t h e  c o b a l t  l e v e l  i s  f u l l ,  c r y s t a l  f i e l d  t h e o r y  p r o v i d e s  a q u a n t i t a t i v e l y  
co r rec t  e x p l a n a t i o n  of t h e  d - s h e l l  s t r u c t u r e .  The a b s o r p t i o n  spec t rum 
obse rved  i n  m a t e r i a l  c o n t a i n i n g  empty c o b a l t  a c c e p t o r s  i s  n o t  u n d e r s t o o d .  
- 53  - SEL-66-087 
V I I .  A hlODEL FOR COBALT IMPLJRITIES 
The e x p e r i m e n t a l  r e s u l t s  d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r s  which 
(1) C o -  a r e  needed  i n  the  f o l l o w i n g  d i s c u s s i o n  i n c l u d e  t h e  f o l l o w i n g :  
b a l t  i m p u r i t i e s  g i v e  
7 
a c c e p t o r s  have a 3d 
s h e l l s ,  f u l l ;  ( 3 \  t h e  
b a l t  acceptors i s  n o t  
open  p and  d s h e 1  
i se  t o  a 0 . 4 1  e V  a c c e p t o r  l e v e l ;  ( 2 )  f u l l  c o b a l t  
c o n f i g u r a t i o n  w i t h  a l l  s h e l l s ,  except p o s s i b l y  s 
a b s o r p t i o n  spec t rum of samples  c o n t a i n i n g  empty co-  
u n d e r s t o o d  b u t  may i n  p a r t  be due t o  c o b a l t  w i t h  
s ;  ( 4 )  a l t h o u g h  c o b a l t  d i f f u s e s  i n t e r s t i t i a l l y ,  t h e  
f i n a l  c o b a l t  c o n c e n t r a t i o n  i s  a p p a r e n t l y  c o n t r o l l e d  by c r y s t a l  d e f e c t s .  
41so needed  a r e  t h e  f a c t s  t h a t  a f r e e  c o b a l t  a tom h a s  n i n e  e l e c t r o n s  o u t -  
s i d e  of a n  a rgon  c o r e  and  t h a t  a c o b a l t  atom which  h a s  a c c e p t e d  a n  e lec-  
t r o n  h a s  t e n  o u t e r  e l e c t r o n s .  
-. ' i ne  c o b a i i  in iiie u p i i c a i  a11d t ia i l  e i ' fecl  saiiipl2-s ~ 0 ~ 1 3  hz;.c b c c n  
on e i the i .  (a' i n t e r s t i t i a l  s i t e s ,  (b ' s u b s t i t u t i o n a l  phosp1iGrus s i t e s ,  3r 
( c  'i substitutional g a l l i u m  s i t e s .  Poss ib i l i t . . v  (a) i s  not, l i k e l y  f o r  t h e  
f o l l o w i n g  r e a s o n s .  The o p t i c a l  d a t a  show t h a t  seven  of t h e  ten e l e c t r o n s  
a round  a f u l l  c o b a l t  a c c e p t o r  a r e  i n  t h e  d shell . .  I f  t h e  coba l t .  i s  on 
an  i n t e r s t i t i a l  s i t e ,  two of t h e  r ema in ing  t h r e e  e l e c t r o n s  can  be  accom- 
modated i n  4 s  l e v e l s  and  t h e  t h i r d  e l e c t r o n  must go  i n t o  e i t h e r  a 4p 
o r  a 5s 1eVel (we can  s a f e l y  n e g l e c t  h i g h e r  l y i n g  o r b i t s ' .  T!ie p r e 5 -  
e n c e  o f  a 4p e l e c t r o n  i s  n o t  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  of t h e  d 
s p e c t r u m .  I n  t h e  f r e e  i o n ,  5s l e v e l s  l i e  a p p r o x i m a t e l y  20,000 c m  A 
above 4p l e v e l s  so i t  seems u n l i k e l y  t h a t  t h e  a c c e p t e d  e l e c t r o n  would 
occupy a 5s o r b i t  r a t h e r  t h a n  a 4s o r b i t .  A l l  t o l d ,  p o s s i b i l i t y  ( a )  
seems q u i t e  u n l i k e l y .  P o s s i b i l i t y  ( b )  i s  u n l i k e l y  on chemica l  g rounds  
and  would l e a d  t o  s e v e r e  e l e c t r o n  a c c o u n t i n g  p rob lems .  
7 
- 1  
The h y p o t h e s i s  t h a t  t h e  c o b a l t  i s  on  g a l l i u m  s i tes  i s  c o n s i s t e n t  
w i t h  a l l  t h e  d a t a .  I t  i s  a l s o  c o n s i s t e n t  w i t h  t h e  s u g g e s t i o n  t h a t  t h e  
c o b a l t  c o n c e n t r a t i o n  i s  c o n t r o l l e d  by c r y s t a l  d e f e c t s  and  w i t h  t h e  o p t i -  
c a l  a n d  H a l l  e f f e c t  d a t a .  C o b a l t  h a s  one l ess  e l e c t r o n  o u t s i d e  o f  i t s  
d s h e l l  t h a n  g a l l i u m .  Hence t h e r e  i s  a n  empty bond a round  c o b a l t  a toms 
on g a l l i u m  s i t e s  which c a n  a c c e p t  a n  e l e c t r o n .  When t h e  a c c e p t o r  l e v e l  
i s  f u l l ,  t h e r e  a r e  seven  e l e c t r o n s  i n  t h e  3d s h e l l  and  t h r e e  i n  s -p  
bond ing  o r b i t a l s .  The p r e s e n c e  of  f u l l  bond ing  o r b i t a l s  would n o t  
SEL-66 -087 - 54 - 
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111~tl11t:ltl K i t h  t h e  d s p e c t n ~ n i .  T h i s  model f o r  t h c  c o b a l t  i m p u r i t y  i s  
shown schemat i c : a l ly  i n  F i g .  33;  t h e  ene rgy  l e v e l  scheme of  t h e  f u l l  c o b a l t  
l e v e l  i n  F i g .  34  r e s u l t s  from t h i s  model .  I t  was n o t  p o s s i b l e  t o  d e t e r -  
mine t h e  e n e r g y  l e v e l s  of t h e  empty a c c e p t o r s  f rom s i m p l e  c r y s t a l  f i e l d  
t h e o r y .  With t h e  s i m p l e  t h e o r y  i t  canno t  be shown t h a t  t h e  a c c e p t o r  i s  
clue t o  changes  on t h e  d - s h e l l  s t r u c t u r e .  Hence t h e  i o n i z a t i o n  e n e r g y  
t h e o r y  a s  proposed  by A l l e n  [Ref .  12 cani iot  be a p p l i e d .  
.A p o s s i b l e  e x p l a n a t i o n  of t h e  empty l e v e l  i s  t h a t  i t  c o n s i s t s  of  a 
c o n f i g u r a t i o n  p l u s  a n  empty bonding  o r b i t a l .  T h i s  a s sumpt ion  i s  con-  
3 
d '  
s i s t e n t  v i t h  t h e  l a c k  of  a c r y s t a l  f i e l d  spec t rum f o r  t h e  p - type  sample .  
On t h e  b a s i s  of  t h i s  e x p l a n a t i o n ,  t h e  e l e c t r o n  degene racy  f a c t o r  f o r  t h e  
c o b a l t  l e v e l  i s  o n e - e i g h t h .  Also, t h e r e  shou ld  be no  s t r o n g  p a - r i t y  se- 
l e c t i o n  r u l e s  f o r  o p t i c a l  t r a n s i t i o n s  i n v o l v i n g  t h e  l e v e l .  Photoconduc-  
t i v i t y  c o u l d  be u s e d  t o  check t h i s  p r e d i c t i o n .  
The o p t i c a l .  d a t a  show t h a t  t h e  0.41-e\ '  l e v e l  i s  t h e  o n l y  c o b a l t  a c -  
A 1  n -. ct .pTnr 1e.:e1 . Liie same a b s o r p t i o n  spec l rum was seeti x,iierici\.c+ t '  ~ i i e  re i - i i i i  
7 I t = v t = l  7 K d 5  5bov-e t h a t  l e v e l .  A secoild a c c e p t o r  l e v e l  c o u l d  a r i s e  if eo-  
b a l t  a c c e p t e d  a n  e l e c t r o n  i n t o  i t s  d s h e l l  or i n t o  i t s  4p o r  5s 
l e v e l s .  These  p o s s i b i l i t i e s  a r e  i r i c o r i s i s t e n t  w i t h  e i t h e r  t h e  o b s e r v a t i o n  
of t h e  d spec t rum o r  w i t h  t h e  s p e c t r a  of f r e e  c o b a l t  i o n s .  
- 
I 
FIG. 3 3 .  A SCHEMATIC DRAWING OF A 
d7 
.4cceptor  l e v e l  f u l l .  
COBALT ATOM ON .4 GALIUM S I T E .  
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1'11 I .  CONCLUSIOXS .\XI SUGGESTIONS E R  FUTURE WORK 
E l e c t r i c a l  measurements show t h a t  c o b a l t  i s  a n  a c c e p t o r  i n  Gap. Op- 
t i c a l  t r a n s m i s s i o n  d a t a  show t h a t  t h e  c o b a l t  atom i s  a s u b s t i t u t i o n a l  
i m p u r i t y  and t h a t  when i t  h a s  a c c e p t e d  an e l e c t r o n  i t  h a s  a 3d con-  
f i g u r a t i o n  w i t h  t h e  s - - ~  bonding o r b i t a l s  f u l l .  The a s s ignmen t  of t h e  
c o b a l t  atom t o  a s u b s t i t u t i o n a l  s i t e  i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n ,  
based  on d i f f u s i o n  d a t a ,  t h a t  t h e  c o b a l t  c o n c e n t r a t i o n  was r e l a t e d  t o  t h e  
d e f e c t  d e n s i t y  i n  t h e  c r y s t a l s .  
7 
C r y s t a l  f i e l d  t h e o r y  h a s  l e d  t o  a q u a n t i t a t i v e l y  c o r r e c t  r e s u l t  i n  a 
c o v a l e n t  c r y s t a l .  The t h e o r y  a l l o w e d  t h e  d e t e r m i n a t i o n  of t h e  number o f  
d e l e c t r o n s  a round f u l l  c o b a l t  a c c e p t o r s .  The small v a l u e  of t h e  Racah 
p a r a m e t e r  B r e f l e c t s  t h e  cova lency  of Gap. These e x p e r i m e n t a l  r e s u l t s  
are  i n  c o n t r a s t  t o  t h e  a p r i o r i  n o t i o n  t h a t  c r y s t a l  f i e l d  t h p o r y  should 
r?t 1pp1y ir 2. c n v a l e n t  m a t e r i a l  
The e x t e n s i o n  o f  c r y s t a l  f i e l d  t h e o r y  t o  t h e  c a l c u l a t i o n  of t r a n s i t i o n -  
m e t a l  i m p u r i t y  i o n i z a t i o n  e n e r g i e s  c o u l d  n o t  be a p p l i e d  t o  c o b a l t  i n  Gap. 
However, i t  was p o s s i b l e  t o  c o n s t r u c t  a model of a t r a n s i t i o n - m e t a l  i m -  
p u r i t y  from a comhina t ion  of c r y s t a l  f i e l d  and Hall e f f e c t  d a t a .  The 
t h e o r y  s u g g e s t e d  by A l l e n  [R.ef. 1 1  does  p r o v i d e  a framework t o  which t h e  
r e s u l t s  on c o b a l t  can  b e  r e l a t e d .  
B .  SUGGESTIONS FOR FUTURE WORK 
A p h o t o c o n d u c t i v i t y  s tudy  o f  c o b a l t - d o p e d  Gap, p a r t i c u l a r l y  of p- type  
m a t e r i a l ,  c o u l d  p r o v i d e  x a l u a b l e  i n f o r m a t i o n  abou t  t h e  c o b a l t  l e v e l .  A 
s t u d y  of o t h e r  t r a n s i t i o n  m e t a l s  i n  a GaP s y s t e m  would bp q u i t e  u s e f u l .  
Hopefu l ly  such  a s t u d y  c o u l d  u s e  t h e  d i f f u s i o n  d a t a  g i v e n  i n  t h i s  work. 
The ~ o n i z a t i o n  ene rgy  o f  s u l f u r  i m p u r i t i e s  and  t h e  c o b a l t  c o n c e n t r a t i o n  
i n  c o b a l t  d i f f u s e d  samples  are also s u g g e s t e d  a s  a r e a s  f o r  f u t u r e  a o r k .  
- 57 - SEL-66 -087 
APPENDIX A .  THE SOLUBILITY OF COBALT I N  DOPED GaP 
The purpose  of t h i s  append ix  i s  t o  show t h a t  t h e  o b s e r v e d  dependence 
of t h e  c o b a l t  c o n c e n t r a t i o n  on t h e  c r y s t a l  u s e d  f o r  t h e  d i f f u s i o n  c a n n o t  
be e x p l a i n e d  i n  t e r m s  of  t h e  i n i t i a l  dop ings  of t h e  c r y s t a l s .  The a r g u -  
ments  below f o l l o w  t h o s e  g i v e n  by Shockley  and i l o l l  [ R e f .  23 : .  
The t h e o r y  u s e d  h e r e  r e s u l t s  from t h e  f a c t  t h a t  t h e  s o l u b i l i t y  of  a 
n e u t r a l  s p e c i e s  w i l l  n o t  depend on t h e  l o c a t i o n  of t h e  c r y s t a l  Fermi 
l e v e l ;  i t  may, of  c o u r s e ,  depend on t h e  t e m p e r a t u r e ,  p r e s s u r e ,  e t c .  
S i n c e  t h e  d a t a  i n  C h a p t e r  V showed t h a t  c o b a l t  i s  an  a c c e p t o r  i n  
Gap, l e t  u s  r e s t r i c t  o u r s e l v e s  t o  t h e  t h e o r y  € o r  a s i m p l e  a c c e p t o r  i m -  
p u r i t y .  The t o t a l  c o n c e n t r a t i o n  of  a c c e p t o r s  i s  e q u a l  t o  t h e  c o n c e n t r a -  
t i o n  of n e g a t i v e l y  c h a r g e d  a c c e p t o r s  U and t h e  c o n c e n t r a t i o n  of 
- 
\ 
~ i ‘  t h e  acceptor  i s  d i f f u s e d  i n t o  a ci!-sf .a l ,  
f u s i o n  t e m p e r a t u r e ,  o v e r p r e s s u r e ,  e t c . ,  b u t  i t  i v i l l  n o t  depend on t h e  
doping  of t h e  c r y s t a l .  F o r  t h e  t h e o r y  t o  a p p l y ,  t h e  d i f f u s i o n  must have 
been l o n g  enough f o r  t h e  a c c e p t o r  r n n c ~ n t i ’ a t  ions  to h a v e  re-?ched t h e i r  
e q u i l i b r i u m  v a l u e s .  The q u a n t i t i e s  i n  E q .  (-1.1 may be r e l a t e d  t o  e a c h  
o t h e r  w i t h  Fermi f a c t o r s ;  t h a t  i s ,  
SO t r i l l  c i epe r i t i  o n  t h e  d i - i -  
.\ 
( A . 2 )  
and  
where E - E i s  t h e  d i f f e r e n c e  between t h e  a c c e p t o r  i o n i z a t i o n  ene rg1  
and  t h e  Fermi  e n e r g y ,  and  kT i s  t h e r m a l  e n e r g y  a t  t h e  t e m p e r a t u r e  a t  
which t h e  a c c e p t o r  w a s  i n t r o d u c e d .  Q u a l i t a t i v e l ?  , E q .  (A.3 p r e d i c t s  
t h a t  a n  a c c e p t o r  s h o u l d  be c o n s i d e r a b l y  m o r e  s o l u b l e  i n  n - type  c r y s t a l s  
t h a n  i n  p - type  c r y s t a l s .  I f  EF E t h e n  
F A 
.4 ’ 
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T h e r e f o r e ,  NA may be de t e rmined  by i i ieasuring t i ie a c c e p t o r  c o n c e n t r a t i o n  
i n  a l o w - r e s i s t a n c e  p - type  sample .  Once N i s  known, E q .  ( A . 3 )  c a n  be 
used  t o  c a l c u l a t e  N f o r  any v a l u e  of E - E and hence  f o r  any  dop ing  
The major  d i f f i c u l t y  i n  t h e  a p p l i c a t i o n  of Eq. ( A . 3 )  i s  t h a t  h igh - t empera -  
t u r e  v a l u e s  of t h e  q u a n t i t i e s  needed t o  c a l c u l a t e  
e r a l l y  a v a i l a b l e .  
0 
A 
A F A 
EF - E are  n o t  gen-  A 
The t h e o r y  w a s  a p p l i e d  t o  t h e  d a t a  f o r  c o b a l t  d i f f u s e d  a t  1100 " C  
i n t o  G a p .  The r e s u l t i n g  t h e o r e t i c a l  cu rve t  i s  compared wit ,h t h e  e x p e r i -  
m e n t a l  d a t a  i n  F i g .  3 5 .  I t  i s  c lear  t h a t  t h e  e x p e r i m e n t a l  v a l u e s  do n o t  
f i t  on t h e  t h e o r e t i c a l  c u r v e .  I n  f a c t ,  even  a q u a l i t a t i v e  f i t  i s  impos- 
s i b l e  because  t h e  c o n c e n t r a t i o n  i n  t h e  p- type  sample was a s  l a r g e  a s  t h a t  
i n  t h r e e  of t h e  n - type  samples .  P o s s i b l e  e x p l a n a t i o n s  of t h e  l a c k  of 
agreement  between t h e  e x p e r i m e n t a l  d a t a  and t h e  t h e o r y  are  t h a t  c o b a l t  
d i f f u s e s  a s  a n e u i . r a i  atom a n d  i.hai. t h e  c:oi)ait c:c>1lcetiti-atioii is detei-- 
rl L-- 
l l , i L l C U  u y  a nonequi:ibrium d e f e c t  c o n c e n t r a t i o n  i n  the crystals. 
On t h e  b a s i s  of F i g .  35,  i t  i s  conc luded  t h a t  t h e  dependence  of 
t h e  c o b a l t  c o n c e n t r a t i o n  on t h e  c r y s t a l  u s e d  f o r  d i f f u s i - o n  caliliot be 
e x p l a i n e d  by t h e  i n i t i a l  dop ings  of t h e  crystals. 
0 1 5  -3 
The f o l l o w i n g  v a l u e s  w e r e  used t o  c a l c u l a t e  t h e  p l o t :  NA = 2 A 10 cm , 
e n e r g y  gap  = 1 . 7  e V  a t  110 O C ,  c o b a l t  i o n i z a t i o n  
e n e r g y  = 0 .41  e V .  The v a l u e  f o r  NX w a s  c a l c u l a t e d  Prom t h e  d a t a  f o r  
Nd = 2 X r a t h e r  t h a n  from t h e  p - type  d a t a  so t h a t  t h e  t h e o -  
r e t i c a l  c u r v e  would f i t  t h e  n- type  d a t a  r e a s o n a b l y  w e l l .  S i n c e  t h e  p u r -  
pose  o f  t h e  f i g u r e  w a s  t o  show t h a t  a f i t  between t h e o r y  and expe r imen t  
w a s  n o t  p o s s i b l e ,  t h i s  s t e p  seems j u s t i f i e d .  The o t h e r  v a l u e s  u s e d  i n  
t h e  c a l c u l a t i o n  are e x t r a p o l a t i o n s  f rom d a t a  t a k e n  a t  much lower  
t e m p e r a t u r e s .  
t 
2 n i  = 2 Y 1.034 
cm-3 
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SHALLOW IMPURITY CONCENTRATION ( a t o m s k c l  
FIG, 35. TKEORETICAL AND EXPERIMENTAL DEPENDENCE OF 
COBALT CONCENTRATION ON INITIAL DOPING. 
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l a t t i c e .  I n  g e n e r a l ,  t h e  a n a l y s i s  h a s  shown t h a t  c r y s t a l  f i e l d  t h e o r y  can  be u s e d  
t o  o b t a i n  d e t a i l e d  e l e c t r o n  models o f  s emiconduc to r  i m p u r i t i e s .  
I n  t h e  c o u r s e  of t h e  s t u d y ,  methods were deve loped  t o  grow e p i t a x i a l  s i n g l e  c r y s t a l s  
of GaP doped w i t h  e i t h e r  s u l f u r  or z i n c .  P r e d i c t a b l e  s u l f u r  d o p i n g s  be tween 
6 X R a d i o t r a c e r  d i f f u s i o n s  w e r e  u s e d  t o  i n t r o  
duce  a known c o n c e n t r a t i o n  o f  c o b a l t  i n t o  t h e  samples  used  f o r  o p t i c a l  and e l ec t r i -  
c a l  measurements .  D i f f u s i o n  d a t a  show t h a t  t h e  c o b a l t  d i f f u s e d  b o t h  s u b s t i t u t i o n a l 1  
and i n t e r s t i t i a l l y .  The d a t a  cugges t  t h a t  t h e  c o b a l t  c o n c e n t r a t i o n  a f t e r  d i f f u s i o n  
was d e t e r m i n e d  by a n o n e q u i l i b r i u m  d e n s i t y  of c r y s t a l  d e f e c t s .  T h i s  h y p o t h e s i s  i s  
c o n s i s t e n t  w i t h  t h e  c o n c l u s i o n  from t h e  o p t i c a l  d a t a  t h a t  t h e  c o b a l t  w a s  on g a l l i u m  
s i tes .  
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